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ABSTRACT
A 38 amino acid long peptide, Shiva-1, was designed 
and chemically synthesized in our laboratory. Shiva-1 has 
only 4 6% amino acid homology with the naturally occurring 
lytic peptide from Hyalophora cecropia, known as Cecropin 
B. However, hydrophobic properties and charge density of 
the natural molecule were conserved at 100% in the 
synthetic peptide. This novel peptide was shown to be 
capable of killing a number of different species of plant 
pathogenic bacteria at nanomolar concentrations. 
Comparative studies show that Shiva-1 is more effective in 
this bacteriolytic activity than Cecropin B. The gene for 
Shiva-1 was chemically synthesized and cloned into the 
binary vector Agrobacterium tumefaciens LBA4404/pBI121 
under the control of a wound-inducible plant promoter. 
Tobacco leaf discs were transformed using this binary 
system containing the gene encoding Shiva-1 and transgenic 
plants were obtained. These plants were shown to be 
kanamycin-resistant and displayed P-glucoronidase activity
indicating effective plant transformation. Southern blots 
confirmed the presence of a single copy Shiva-1 gene 
integrated into the genomes of individual transgenic 
plants. Southern analyses also showed stable inheritance 
of the Shiva-1 gene. Northern analyses verified that the 
expression of the gene could be triggered by mechanical and 
pathogen-induced wounding. Northern blots also showed that 
an mRNA with the expected size of Shiva-1 transcript 
hybridized to the Shiva-1 probe. Western blots indicated 
the presence of a distinct band hybridizing to antisera 
raised against Shiva-1. Rl plants from self-crossed mother 
transgenic plants demonstrated a 3:1 segregation pattern 
for kanamycin resistance gene. Plant bacterial challenge
suggested that the Rl transgenic plants exhibit delayed 
symptoms, reduced disease severity and mortality after 
infection with Pseudomonas solenacearum when compared to 
control plants.
CHAPTER ONE
INTRODUCTION
1.1 Overview
Progress in molecular biology has led to a meddlesome 
approach to the study of living organisms. Recombinant DNA 
methods make possible the stable integration of foreign 
genes into higher plants. Since techniques are currently 
available to regenerate viable transgenic plants, this 
development has been used not only to probe molecular 
mechanisms of plant processes but also to increase the 
plant genetic pool.
Plant genetic engineering opens a plethora of 
possibilities to improve agricultural traits of crop 
plants. Current studies focus on improving plants' 
nutritional quality, disease, pest and herbicide 
resistance, and ability to withstand environmental stress.
Control of bacterial diseases in plants has always 
been a leading agricultural problem in both developed and 
developing countries. Chemical methods of fighting plant 
bacterial pathogens create an alarming environmental 
threat. The engineering of genes conferring bacterial 
resistance into plants is thus imperative, not only for 
economic but also for environmental reasons. One logical 
source of these genes could be insects which produce 
specialized lytic proteins in response to bacterial 
attack. Such proteins had been isolated, characterized and 
were shown to have common physical features responsible 
for their bactericidal action.
1
2The ultimate goal of this research is to augment the 
bacterial resistance of tobacco via genetic engineering of 
a bactericidal peptide. The original intent of the 
project was to clone the gene of the most potent 
antibacterial peptide from the silk moth, Hyalophora 
cecropia, named Cecropin B. However, a peptide designed 
and constructed in our laboratory was shown to exert a 
more potent bactericidal activity than its naturally 
occurring counterpart. This peptide was thus selected for 
plant engineering work.
This research attempted to show that the bioactivity 
of bactericidal peptides is dictated by its physical 
structure and not by its primary sequence. To this end, 
we constructed a novel bactericidal peptide using the 
physical structure of Cecropin B as a model. The 
synthetic peptide was tested against several plant 
pathogens and its bactericidal activity compared to that 
of Cecropin B.
The gene corresponding to this novel peptide was then 
cloned into tobacco plants. The gene was placed under the 
control of a wound inducible promoter which was originally 
isolated from potato. The stability, integration, and 
inheritance properties of the gene were determined. 
Likewise, the gene expression and bactericidal activity 
were studied. It is interesting to know how such a 
synthetically designed protein, if at all expressed in 
plants, will behave in an in vivo environment.
31.2 Review of Literature
1.2.1 The Use of Agrobacterium for Plant Genetic 
Engineering
The introduction of genes into plants and plant cells 
is a natural activity of the soil bacteria of the genus 
Agrobacterium. Agrobacteria are Gram negative rods which 
belong to the family of Rhizobiaceae. Those which can 
cause the plant disease crown gall have been classified as 
belonging to the species A. tumefaciens. Their ability to 
transform plant cells is attributed to the 200 to 250Kb 
plasmid called Ti (tumor inducing) plasmid. The process of 
infection by Agrobacterium follows an orderly sequence of 
complex events. These events include bacterial 
colonization and attachment to cells at or near wound 
sites, the plant response to wounding, the transfer of 
bacterial DNA into plants and the integration of T-DNA 
into the plant genome and its expression. Reviews for 
these topics present a more comprehensive picture and 
background information (Nester et a l ., 1984; Morris, 1986; 
Stachel and Zambryski, 1986; Fraley et al., 1986; Halverson 
and Stacey, 1986, Klee et al., 1987; Binns and Thomashow, 
1988; Zambryski, 1988; Zambryski et al., 1989; Ream,
1989).
Several Agrobacterium chromosomal genes were 
identified and shown to play roles in the bacterial 
attachment to the plant cell surface. The loci chvA, chvB 
and pscA or exoC were shown to convert UDP-glucose to 1,2 
(3-D glucan, produce succinoglucans and help in the
secretion of polysaccharides. Mutants in this loci do not 
bind to plant cells (Douglas et a l ., 1982; Puvanesarajah
et al., 1985; Zorreguieta et a l ., 1988). How these sugars
4affect binding to plant cells is not clear. Infecting 
bacteria also synthesize fibrils which allow bacterial 
cells to form large aggregates on wounded plant cells 
(Mathysse, 1983).
The bacterial cell wall receptor is not yet 
characterized. On the other hand, there are evidence to 
show that the plant receptor may be a protein (Gaulitz et 
al., 1987). However, the data in support of this idea are 
indirect. It has been established that plant wounding is 
a prerequisite for induction of Ti plasmid virulence 
genes. When wounded, plants produce phenolic compounds 
that help induce their expression (Bolton et al., 1986).
The transfer of DNA from A. tumefaciens into plant 
cells requires two regions of the Ti plasmid - i.e. the 
cis-acting T-DNA border sequence/s and the trans-acting 
virulence genes. These two reside in separate locations 
in the same Ti plasmid of a wild type A. tumefaciens. 
Transfer of T-DNA into a plant, however, is fully active 
even when the T-DNA and the virulence functions are 
present in separate replicons in Agrobacterium (An, 1988) .
The T-DNA carries eight to thirteen genes which are 
actively expressed in plant cells because these genes have 
eukaryotic signals (Willmitzer et al ., 1982) . The
expression of some of its genes in transformed cells leads 
to the production of the phytohormones auxin and 
cytokinin. Overproduction of these compounds creates 
uncontrollable growth of transformed and surrounding 
cells, which forms the crown gall. These tumorous cells 
also produce opines, substances which are absent in non­
transformed cells (Tempe and Goldman, 1982). Opines, 
which can be in the form of octopine, nopaline or agropine
5serve as carbon, nitrogen, phosphate and energy sources 
for the infectious Agrobacterium (Petit et al., 1970) . 
The Agrobacterium thus establishes a niche for itself.
T-DNA originates from the T-region of a Ti-plasmid 
and is bordered by 25bp direct repeats (Simpson et al., 
1982). These border sequences are the recognition signals 
for a site-specific endonuclease encoded by a virulence 
gene and form part of the T-DNA transfer apparatus 
(Stachel et al., 1987). Transformed plant cells containing 
a T-DNA including the aux and cyt genes produce calli 
which are unable to regenerate into whole plants. Absent 
or defective cyt and aux genes cause complete loss of gall 
formation and this leads to regeneration of cells into 
plants (Otten et al., 1981). Ti plasmids from which these 
aux and cyt genes have been deleted are called "disarmed". 
Disarmed vectors which retain the capability of gene 
transfer into plants are the ideal choice for plant 
transformation studies.
Ti plasmids contain several copies of the border 
sequences in both the left and right sides of the T-DNA. 
Investigations showed that only a single border is 
required for the T-DNA transfer. The group of Jen and 
Chilton (1986) showed that the right border region should 
at least be present for transformation to occur. This 
result is contrary to that obtained by Rogers et al. 
(1986) which demonstrated that a single border, which may 
be derived from either the left or the right region of the 
T-DNA, was sufficient for the job. Indeed, even a 
synthetic 25bp consensus border sequence had been used to 
effect T-DNA transfer. An enhancer-like sequence outside 
of the border fragment acts to stimulate T-region 
transfer, which explains why a larger Ti plasmid derived
6border DNA functions more efficiently than the 25bp 
consensus sequence (Peralta et al., 1986). This sequence 
is referred to as the "overdrive".
It has also been shown that the border sequences are 
not integrated into the plant genome. This suggests that 
the inserted DNA is stable and cannot be transferred 
elsewhere via the same mechanism used in its original 
transfer (Rogers et al., 1986).
The second region needed for plant transformation 
consists of a set of virulence genes. These genes code for 
functions involved in plant cell recognition and 
attachment, as well as for excision, transfer and perhaps 
T-DNA integration. VirA and G products recognize signal 
molecules given off by wounded plant cells and activate 
the other vir genes B,C,D, and E (Stachel and Zambryski,
1986) . VirD produces a site-specific endonuclease which 
recognizes and acts on the conserved 25bp T-DNA right 
border (Wang et a l ., 1987). A single-stranded T-strand is 
then produced unidirectionally from the right border and 
transported into the plant cell (Stachel et al., 1987). 
The mechanism for the transfer is not yet clear but a 
circular T-DNA intermediate, possibly involved in the 
transfer, had been isolated (Kuokolikova-Nicola et al.,
1985) . The T-DNA integrates as one to several copies into 
the plant genome and the integration sites are random 
(Ursic et a l ., 1983). Aberrant integration patterns may
also occur. Formation of tandem inserts as direct and 
inverted repeats, rearrangements and deletion of T-DNA and 
of plant DNA sequences had been reported (Jones et al., 
1987; Purbolte et al ., 1986; Van Lijsebettens et al.,
1986) . The occurrence of tandem arrays is attributed to 
recombinational events prior to integration (Wirtz et a l .,
71987). The transfer DNA is inherited as a single dominant 
Mendelian trait (Budar et a l ., 1986).
Plant transformation systems based on Agrobacterium 
utilize an intermediate plasmid which can be cloned and 
analyzed in E. coli for ease of genetic manipulation. 
This intermediate plasmid, which contains a selectable 
antibiotic marker and T-DNA containing appropriate 
polylinker sites for cloning foreign genes, can then be 
introduced into Agrobacterium cells.
The derivatives of Agrobacterium tumefaciens provide 
efficient and highly versatile tools for plant genetic 
research. Indeed, the dramatic progress in this field 
rests in the development of the Ti plasmids as plant 
transformation vectors. The first set of vectors, called 
the cointegrates, requires the presence of a region of 
homology between the E. coli vector plasmid and the Ti 
plasmid. A single cross-over recombination between these 
homologous sequences causes the integration of the vector 
into the Ti plasmid (Fraley et al., 1985) . Since the 
vector is not capable of replicating in Agrobacterium, 
only those cells carrying cointegrated vector in the Ti 
plasmid will exhibit the antibiotic resistance marker.
The second set of vectors, called trans- or binary 
vectors, are developed based on the observation that the 
T-DNA need not be physically linked to the vir region 
(Hoekema et a l ., 1983) . The intermediate vector in this
system contains the origin of replication from a broad 
host range plasmid to enable it to replicate independently 
from the Ti plasmid in Agrobacterium cells. The 
Agrobacterium host usually, but not necessarily, contains 
a Ti plasmid in which the T-DNA had been removed. The Ti
8plasmid contains the vir functions and serves as a helper 
(An et a l ., 1988).
The binary vector system is the method of choice as 
it does not depend on a specific Ti plasmid - i.e. it can 
go into any Ti plasmid provided that vir helper functions 
are present. Also, the frequency of introduction of a 
binary vector into Agrobacterium is 10” ! whereas 
cointegrate formation is from 10-3 to 10“ ^ (Rogers et al., 
1985) .
There are two approaches for transferring 
intermediate vectors into Agrobacterium: by conjugation or 
by transfection. The first method is quite laborious and 
in some cases, causes DNA rearrangement in the vector 
plasmid. The latter method is fast but its applicability 
is limited to a few strains and it has an efficiency of 
103 transformants per mg of DNA (Holster et al., 1978).
In the conjugation method, three different strains 
are involved: Agrobacterium, E. coli containing the
intermediate vector, and helper E. coli strain containing 
a mobilization plasmid (Ditta et al., 1980). This plasmid 
is the pRK2013 helper plasmid, which provides the RK2 
transfer functions, and the colEl mob protein, which acts 
at the bom site of the intermediate vector to mobilize 
this vector into A. tumefaciens.
Agrobacterium transforms most dicotyledonous plants. 
A few monocots from Liliaceae and Amaryllidaceae had been 
shown to be capable of T-DNA transfer as well. However, 
these monocots fail to exhibit the characteristic crown 
gall when infected with wild type A. tumefaciens, probably
9because of peculiarities in their phytohormone metabolism 
(Hooykaas-Van Slogteren et al., 1984).
Tobacco is an excellent host for A. tumefaciens and 
is very ideal for tissue culture. The leaf disc 
transformation of tobacco is thus a paradigm for 
Agrobacterium-mediated T-DNA transfer. This procedure not 
only provides a high transformation efficiency but also an 
easy and fast selection and regeneration of transformants. 
In this method, surface sterilized axenic explants are co­
cultivated on shooting medium with Agrobacterium. The 
explants are then transferred to regeneration and 
selection media which contain an antibiotic to kill 
infecting Agrobacterium and a second antibiotic to select 
for transformed plant cells. The transformed cells 
differentiate into shoots and are subsequently excised for 
rooting. After several weeks, the grown plantlets are 
transferred to soil to mature and produce seeds (Horsch et 
al., 1988).
1.2.2 Applications of Genetic Engineering to Crop 
Improvement
To date, numerous genes have been successfully 
introduced into plants. Of these genes, three types have 
gained worldwide interest as they are all aimed at 
improving plants' agronomic traits. These genes are those 
conferring a) selective herbicide resistance, b) insect 
resistance, and c) cross protection against viruses.
There are two basic ways whereby herbicide resistance 
is conferred into transgenic plants. One way is to 
increase the level or change the sensitivity of the enzyme 
which is being targeted by the herbicides. The other is
10
the introduction of a gene which will detoxify the 
herbicide. Resistance to the herbicide Round-up, which 
contains the active ingredient glyphosate, was obtained 
using the first approach. Glyphosate inhibits the activity 
of the plant enolpyruvyl shikimate-3 phosphate [EPSP] 
synthase and blocks the pathway for aromatic amino acid 
synthesis. Tolerance to glyphosate had been introduced 
into several crops by cloning constructs which overproduce 
the EPSP synthase (Shah et a l ., 1986) or which give
variant glyphosate insensitive EPSP synthase (Fillati et 
al., 1987) .
An active ingredient of another herbicide, phosphino- 
thricin (PPT) , is an analogue of glutamic acid and is a 
competitive inhibitor of the plant glutamine synthase 
(GS) . GS plays a central role in the assimilation of 
ammonia (Miflin and Lea, 1977) by detoxifying ammonia 
released by nitrate reduction. PPT causes rapid ammonia 
accumulation which is toxic to plants. Tolerance against 
PPT was engineered into plants by introducing the enzyme 
phosphino-thricin acetyltransferase, an enzyme encoded by 
the bar gene of Streptomyces hygroscopicus (DeBlock et 
a l ., 1987) .
One approach to confer insect resistance into plants 
is the engineering of constructs containing the bt2 
endotoxin gene of Bacillus thuringiensis. Transgenic 
tobacco, tomato and cotton plants containing this gene 
were all reported to exhibit caterpillar resistance 
(Fischhoff et a l ., 1987; Vaeck et al., 1987; Delannay et
al . , 1989) . This approach is effective for protection
against specific pests because the endotoxins from 
different varieties of Bacillus thuringiensis act on 
specific groups of insects. A cowpea trypsin inhibitor
11
gene was also introduced into tobacco and was reported to 
enhance resistance against tobacco budworm (Hilder et al.,
1987) .
Increased resistance to tobacco mosaic virus (TMV) 
infection via "coat protein-mediated protection" had been 
achieved by the introduction of the TMV coat protein gene 
in transgenic plants (Powell-Abel et al., 1986). Similar 
results were also seen with the coat proteins of alfalfa 
mosaic virus (Loesch-Fries et al., 1987; Turner et al.,
1987), potato virus X (Hemenway et al., 1988), and 
cucumber mosaic virus (Cuozzo et al., 1988) . Just
recently, the coat protein genes of PVX and PVY were 
introduced into a commercial potato cultivar and results 
demonstrated that cross protection is effective against 
mixed infection of two different viruses (Lawson et al.,
1990) . The transfer of constructs which code for the
antisense coat protein transcript also resulted in 
protection but at a lower level (Cuozzo et a l . , 1988;
Hemenway et al., 1988) . One suggested mechanism of the 
coat protein-mediated cross protection is that the coat 
protein RNA transcript interferes with the uncoating of 
virus in cells before translation and replication 
(Register and Beachy, 1988).
1.2.3 Plant Defense Mechanism and Wound-Inducible 
Promoters
Plants are naturally exposed to pests and disease 
agents. To survive, plants have developed defense
mechanisms which allow them to fight these agents off. 
For one, plants contain barriers which can kill or repel 
pathogens. Such barriers can be in the form of alkaloids, 
saponins and waxes, among others (Fraser, 1985) . Other
12
constitutively produced repellant substances include 
thionins in cereal seeds and lectins in legumes which 
contain antimicrobial properties (Fernandez-De Caleya et 
al., 1972).
Plants are also shown to resist infection by the 
appearance of substances accompanied by gene activation. 
The first inducible substances discovered are phytoalexins 
(Deverall, 1982) . Later investigations identified other 
inducible defenses which include accumulation of 
hydroxyproline-rich glycoproteins, deposition of lignin- 
like material and other wall bound phenolics”, stimulation 
of hydrolytic enzymes and production of proteinase 
inhibitors (Lamb et a l ., 1987).
Inducible responses may be localized to the site of 
mechanical or pathogen-caused wounds. This is the case 
for the production of phytoalexins. The response may also 
show up in distal parts causing a systemic reaction. In 
the latter case, a diffusible factor must be present to 
signal the event to more distant plant tissues. One of 
the best studied cases of a systemic response induced in 
higher plants by wounding is the proteinase inhibitor 
accumulation in tomato and potato leaves (Ryan, 1978) .
Among the plant proteinase inhibitors, the potato 
inhibitor I and II families are the best characterized. 
The two display considerable diversity in their modes of 
synthetic regulation. The inhibitors are primarily 
directed against a wide range of proteases of bacterial 
and microbial origin, but rarely against the proteases of 
plant origin (Richardson, 1977). Both inhibitors are 
developmentally and environmentally (wound-induced) 
regulated in a variety of tissues from species of the
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Solenaceae family (Ryan, 1984). These proteinase 
inhibitors are wound-inducible in tomato and potato leaves 
(Ryan, 1978) but are developmentally regulated in potato 
tubers as well as in the wild tomato species fruit (Rosahl 
et a l ., 1986) .
The inhibitor II gene from potato had been 
characterized well. Two separate groups using different 
potato cultivars isolated the gene (Keil et al., 1986; 
Thornburg et al., 1987) . The gene was shown to exhibit 
typical eukaryotic features. The TATAA sequence is found 
26 nucleotides 5' to the transcription start site while 
the sequence CAAAT is found in position -103. The DNA 
sequence corresponding to the polyadenylation signal 
AAUAAA is located 33 nucleotides before the polyA addition 
site in the 3' region (Keil et a l ., 1986). Early reports
indicated that both the intact 5' and 3' sequences of the 
wound inhibitor II gene were necessary for the wound- 
inducible expression of the inhibitor group. However, 
Keil et a l . (1990) presented data which show that the 3'
end is dispensable for wound-inducible gene expression.
When the potato proteinase inhibitor II gene was 
transferred into tobacco plants using the Agrobacterium 
system, little or no expression of the gene was observed 
in non-wounded leaves. However, mechanical wounding and 
treatment of detached leaves with oligosaccharides led to 
the formation of high levels of proteinase inhibitor II 
mRNA in tobacco leaves. Wounding of a leaf likewise led 
to a systemic induction in non-wounded leaves, stems and 
roots. It was shown that the transcription initiation site 
in the transgenic tobacco plants is the same as in the 
original gene in potato (Sanchez-Serrano et al., 1987). 
These observations reveal that although no proteinase
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inhibitor II homologous gene was detected in tobacco, the 
plant possesses the proper biochemical machinery to 
regulate the expression of the potato gene in the same 
manner as in the case of potato.
Unfortunately, this defense sytem in plants seems to 
be insufficient at times. Thus, plants sometimes cannot 
fight off invading pathogens. Among the plant bacterial 
pathogens of economic significance are C l a v i b a c t e r  
michiganensis, Erwinia carotovora, Xanthomona campestris 
and several species of Pseudomonas. Below is a list of 
the pathological damages caused by these bacterial 
menaces.
Bact£x.ia Pathological Effects
Clavibacter michiganensis 
spp. michiganensis
tomato canker, also causes 
vascular wilt, leaf and 
fruit spots
Erwinia carotovora pectolytic and causes a 
rapidly progressive wet rot 
in a variety of vegetables
spp. carotovora
Pseudomonas solenacearum causes tomato and tobacco 
wilt, also leads to potato 
brown rot or slime
Xanthomonas campestris 
spp. campestris
causes black rot of 
Cruciferae
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These four bacterial species alone cost more than a 
billion dollars in crop losses each year. Chemical control 
against them is not only expensive but also poses a 
formidable threat to the environment. Perhaps the worst 
disaster attributed to a plant pathogen occurred in 1845- 
60 when potatoes were decimated by late blight, a disease 
caused by a fungal pathogen. The economic impact of this 
plant disease cannot be overstated. Thus, conferring 
resistance against these pathogens via genetic engineering 
is a welcome solution.
1.2.4 Cecropins: Antibacterial Peptides from Insects
A possible approach to conferring, or at least
augmenting, bacterial resistance in plants is the 
engineering of genes for proteins having antibacterial
properties. A logical choice of antibacterial genes are 
those found in insects. As early as 1975, the existence 
of antibacterial proteins from the giant silk moth 
Hyalophora cecropia, was reported (Faye et a l ., 1975) . It 
was not until 1980 that the first pure antibacterial
proteins were isolated from this moth (Hultmark et al., 
1980) .
Cecropins are among the sixteen or so different
peptides produced by the humoral immune response of the 
silk moth. Cecropins are shown to be induced in the 
hemolymph of the pupae after the injection of live or 
heat- killed pathogenic bacteria (Boman et a l ., 1985) .
Cecropins consist mainly of three major components, 
namely Cecropin A, B and D (Hultmark et al., 1982) . The 
three forms have about the same length, with Cecropin A, B 
and D having 37, 35 and 36 amino acids, respectively. The
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amino acid similarity in the sequences of these three 
forms is quite high with Cecropin B and D showing 62 and 
65 percent homology to Cecropin A, respectively. The 
amino acid sequences of the cecropins contain a basic N- 
terminal and a rather hydrophobic C-terminal regions. 
Cecropin D, however, is less basic than the other two and 
has a net charge of +3 compared to the +7 net charge of 
Cecropin A and +8 net charge of Cecropin B. The C-terminal 
of these peptides are all amidated.
The primary sequences of these cecropins are given as 
follows:
A: KWKLF KKIEK VGQNI RDGII KAGPA V A W G  QATQI AK
B: KWKVF KKIEK MGRNI RNGIV KAGPA IAVLG EAKAL
D: WNPF KELEK VGQRV RDAVI SAGPA VATVA QATAL AK
(Source: Boman and Hultmark, 1987)
In dilute buffer solutions, Cecropins A and B exist 
mainly as random structures whereas in hydrophobic 
solvents, they fold into more helical conformations 
(Steiner, 1982). Theoretical predictions of secondary
structure from sequence data using Chou and Fasman (1974) 
model building and circular dichroism spectra suggest very 
strongly that the cecropins form a nearly perfect 
amphipathic a-helix (Steiner, 1982). Amphipathic helices
are cylindrical molecules with charged residues
concentrated on one longitudinal side and hydrophobic 
residues concentrated on the opposite side.
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When empirical rules were applied, it could be 
deduced that helices are most likely to be located at both 
ends of the cecropins. In between these helical domains 
could be bends and probably a p-strand. Proteins with the
ability to form amphipathic helices are often associated 
with membranes especially the bilayer part, and this 
helical structure is thought to be important for the 
membrane disrupting activity of the cecropins (Kaiser and 
Kezdy, 1984). Cecropins A and B are not uniformly helical 
because of the disruption caused by the amino acid 
residues glycine in position 23 and proline in position 
24. This, in effect delimits two helical sections at each 
side of the two helix breaking residues.
Both Cecropins A and B have strong bacteriolytic 
activities against a wide range of Gram positive and Gram 
negative bacteria, with Cecropin B being slightly more 
potent. Cecropin D, on the other hand, has antibacterial 
activity against a limited range of bacteria. The 
bioactivity of these peptides is strongly correlated to 
their structure. To study the structural requirements for 
their bioactivity, several synthetic analogues of 
cecropins were constructed (Merrifield et al.r 1982). In 
this work, it was established that a trytophan residue was 
important for the bactericidal property. This amino acid 
is constant for Hyalophora cecropia Cecropins A, B and D. 
When an a-helix former but non-aromatic glutamic acid was
substituted for this tryptophan, the modified peptide had 
a sharp reduction in its antibacterial property. In 
contrast, the activity was not affected significantly when 
phenylalanine was substituted for tryptophan.
To test the structural requirement for the N-terminal 
helix, two strong helix-breaking residues were introduced
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in the 1-11 region of the sequence (see Figure 1) . This 
section of the cecropins has the highest (X-helix
potential. Proline, which is a strong helix breaker, was 
introduced in positions 4 and 8. The substitution in 
either position led to a lower activity in three test 
bacteria, but did not affect the activity against E. coli 
(Andreu and Merrifield, 1985). The variety of responses 
may indicate that cecropins interact in a different 
fashion in E. coli than they do with the other three 
bacteria tested. Thus, different bacteria may interact 
with different portions of the cecropin molecules.
A short Cecropin A analogue lacking the 15 residues 
at the carboxyl end had about 10% activity of the complete 
cecropin molecule (De Grado, 1983). This shows that the 
presence of either helix is sufficient for the activity 
although the bactericidal effect may be greatly reduced.
1 Lys
4Leu(Val) 
U V a l  (Met) /
,5 Phe
9 Glu
7 Lys
2 Trp
3 Lys
lOLys
Figure 1. The projection along the a helical axis for 
residues 1-11 of Cecropin A and B (parenthesis) showing 
amphipathic nature.
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The structure of cecropins must have evolved to 
balance several selection pressures. These pressures may 
be those which confer the molecular structure for 
antibacterial activities against a variety of Gram
positive and Gram negative bacteria and those which will
give a structure that will be non-destructive to itself. 
Cecropins are present in multiple forms in the insects 
studied so far. The multiple forms may represent proteins 
"in the middle" of an evolutionary step which will lead 
them to have separate functions. A second and simpler 
rationale could be that these different forms are directed 
against separate targets (Boman et al., 1986).
In Hyalophora cecropia, cecropins are produced in 
concert with other specialized proteins —  lysozymes and 
attacins. Lysozymes, of which there are three identified 
variants, are about 120 amino acids long (Engstrom et a l ., 
1985) . These insect peptides show great homology to 
vertebrate lysozymes of the chicken type. Lysozymes are 
bactericidal only to a few Gram positive bacteria. It is 
believed that the main function of Hyalophora cecropia
lysozymes is to work in synergy with cecropins and
attacins (Engstrom et al., 1984).
Attacins are even longer peptides consisting of more 
than 180 amino acid residues. Six different forms of 
peptide attacins are expressed from two genes via a 
terminal modification mechanism (Engstrom et al., 1984). 
The bactericidal spectra of attacins seem rather narrow 
and these peptides work mainly by facilitating the action 
of cecropins and lysozymes, thus allowing the three 
peptides to work in consonance (Boman and Hultmark, 1987).
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Cecropin-like peptides were also isolated from the 
Chinese oak silk moth [Antherea pernyi, (Qu et a l . , 
1982)], flesh fly [Sarcophaga peregrlna (Okada and Natori, 
1985)] silkworm [Bombyx morii (Teshima et a l ., 1986)] and 
tobacco hornworm [Manduca secta (Dunn et al., 1985)]. The 
cecropin-like proteins from Antherea and Bombyx have very 
high amino acid homology to that found in Hyalophora. In 
fact, most amino acid replacements can be explained by 
single base shifts. Interestingly, a cecropin-like 
peptide had also been isolated from pigs' guts (Lee et 
a l ., 1989).
Melittin, the main component of the bee venom, has a 
structure similar to that of cecropins. However, its 
polarity is reversed such that the melittin C-terminus is 
basic and its N-terminus is hydrophobic (Eisenberg, 1984). 
Both proteins, though, possess a proline in the middle, 
one tryptophan in front of the basic sequence and an 
amidated glycine C-terminus. Melittin was shown to lyse 
Chang liver cells, which cecropin could not do (Steiner et 
al., 1981). Cecropins seem to act mostly on prokaryotic 
membranes while melittins were shown to act on both 
eukaryotic and prokaryotic membranes. Melittin has a 
limited antibacterial spectrum. Although melittin acts 
against eukaryotic cells, bees avoid self-destruction by 
synthesizing an inactive precursor which is activated by a 
sequential liberation of dipeptides (Kreil et al., 1980).
A lytic peptide was also isolated from the skin of 
the African clawed frog, Xenopus laevis. Like cecropins, 
this frog peptide called magainin, has the ability to 
assume an a-helical configuration. Magainin is much
shorter and consists of 23 residues per molecule 
(Zassloff, 1987). This peptide is highly active against
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both Gram positive and Gram negative bacteria but does not 
affect mammalian cells.
CHAPTER TWO
DESIGN, SYNTHESIS AND CHARACTERIZATION 
OF A NOVEL BACTERICIDAL PEPTIDE, SHIVA-1
2.1 Materials
2.1.1 Chemicals
T e r t i a r y - b u t y 1 o x y 1 c a r b o n y 1 a m i n o  a cids,  
trifluoroacetic acid, 1,3 diisopropylcarbodiimide, N,N 
diisopropylethylamine, acetylamidazole, ethanedithiol, 
methylene chloride and N,N dimethylformamide were 
purchased from Biosearch (San Rafael, C A).
Dimethylformamide, formaldehyde, dichloromethane, 
ether, diethylether, methanol, glacial acetic acid and 
hydrofluoric acid were all from Mallinckrodt (Paris, KY).
2.1.2 Bacterial Strains
Erwinia carotovora spp. carotovora (Jones) Bergey et 
al., 1923 and Pseudomonas syringae pv tabaci (Wolf and 
Foster) Young, Dye and Wilkie 1978 were provided by R.S. 
Dickey of Cornell University, Ithaca, NY. Pseudomonas 
solenacearum (Smith) Smith 1914 was given by E. Echandi, 
North Carolina State University, Raleigh, N C . Clavibacter 
michiganensis spp. michiganensis (Smith) Davis, Gillespie, 
Vivader and Harris 1984 was provided by A.K. Vidaves, 
University of Nebraska, Lincoln, N E . X a n t h o m o n a s  
campestris spp. campestris (Pammel) Dowson 1939 was 
provided by L.L. Black, Louisiana State University, Baton 
Rouge, LA. Pseudomonas aeruginosa, Staphyloccoccus aureus
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and Staphylococcus Intermldius were obtained from the 
School of Veterinary Medicine, Louisiana State University, 
Baton Rouge, LA. The list of plant and animal bacterial 
pathogens, and their pathological symptoms are given in 
Tables 2.1 and 2.2.
2.2 Methods
2.2.1 Design of Bactericidal Peptides
Because the ultimate goal of this research is the 
possible cloning of the bactericidal peptides into plants, 
minor modifications to the peptide Cecropin B were 
introduced. Methionine, the amino acid for protein 
initiation was made first residue in the synthetic 
analogue. Proline was made the second residue as it is 
present in the natural peptide at the cleavage site 
between the leader and the mature form. The methionine in 
the eleventh position of the natural peptide was 
substituted with a valine.
Gross modifications to Cecropin B were made. These 
modifications preserved the charge distribution of the 
natural peptide and its ability to form an amphipathic a-
helix. The changes made are presented in Figure 2.1. Such 
gross changes made were aimed at testing the hypothesis 
that the activity of the peptides is dictated by its 
physical structure and not by its primary sequence. Thus, 
alteration in the peptide which follows certain physical 
constraints will not destroy the protein’s bioactivity.
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Table 2.1. Basic Properties and Pathological Symptoms 
of Plant Bacteria Used
Bacteria Properties and Pathological 
Symptoms
Clavibacter michiganensis 
spp. michiganensis
Erwinia carotovora 
spp. carotovora
Pseudomonas solenacearum
Pseudomonas syringae 
spp. phaseolica
Pseudomonas syringae 
spp. tabaci
Xanthomas campestris 
spp. campestris
Gram positive, pleomorphic rod, 
obligate aerobes; tomato canker
Gram negative, straight rods, mainly 
single; causes wet rot in vegetables
Gram negative, single or in chains 
of a few cells; causes vascular 
wilts in tobacco and tomato
Gram negative, single or in chains; 
causes halo blight on bean and other 
legumes
Gram negative, single or in chains; 
produces broad chlorotic haloes to 
the leaf sport in beans, soybean and 
cowpea
Gram negative, rods with single 
flagellum; causes black rot of 
Cruciferae, vascular infection, leaf 
yellowing, blackening of vascular 
strands, plants dwarfed and 
misshapen
Source: Holliday, 1989
Table 2.2. Basic Properties and Pathology of Animal 
Bacteria Used
Bacteria Properties and Pathology
Pseudomonas aeruginosa
Staphylococcus aureus 
Staphylococcus intermidius
Gram negative, has single polar 
flagellum; common cause of hospital 
-acquired infection
Gram positive, normally occurs in 
cluster; causes wound infection
Gram positive, occurs in clusters; 
causes wound infection
Source: Nester et a l ., 1983.
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Cecropin B 
Shiva-1
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Cecropin B 
SB-37
SB-37
Shiva-1
Figure 2.1. Comparison of the sequences of Cecropin B, SB-37 
and Shiva-1.
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Synthesizer. The peptide was synthesized based on a 
tert-butyloxy carbonyl (t-Boc) protecting group chemistry. 
The t-Boc chemistry uses an acid cleavage in each cycle 
to expose the alpha amino group of the peptide chain. 
The alpha amino group of the amino acid is blocked with 
the t-Boc group as indicated.
N  C H  C  0 ---
V V  t v
H R 0
t-Boc Amino Acid
The standard Merrifield resin was used as a solid 
support for this synthesis. This resin was provided with 
the C-terminal amino acid already attached to the 
polystyrene through a benzyl ester linkage.
In brief, the basic steps in the synthesis were: 
a) Deblocking of the protected alpha amino acid group 
using trif luoroacet ic acid (TFA) to remove the t-Boc 
group; b) Base wash, to remove and neutralize the TFA used 
for deprotection, and to ensure that the alpha amino group 
was deprotonated for the coupling step; c) Coupling, in 
which a t-Boc protected amino acid derivative was 
introduced with an activator diisopropylcarbodiimide. 
This activated amino acid added to the free alpha amino 
group of the peptide, and d) Capping, in which any 
remaining unreacted alpha amino groups were blocked in 
later coupling cycles. Blocking was done by acetylation.
(CH3) 3  C  C ---
IV
o
27
The hydrofluoric acid procedure was used for the 
deprotection of the amino acid side chains and for the 
cleavage of the peptide from the resin.
2.2.3 Purification of the Peptides
After HF cleavage and extraction, the product was 
evaporated and thoroughly dried under vacuum to remove all 
traces of dimethylformamide. The sample was then 
suspended in distilled, degassed water and sonicated for 
several minutes. The suspension was shell-frozen and 
lyophilized. The peptide was subjected to HPLC for 
initial analysis and for preparative work. The sample had 
an aqueous buffer containing 50% methanol. This step was 
carried out in a Varian 5000 HPLC System. A Waters 
(IBondapak C18 column, 8mm x 10cm radial pak cartridge
which employed the radial compression module was used.
The fragments from chromatography were quantitatively 
separated. Each fragment separated was further subjected 
to mass spectroscopy. After acid hydrolysis, the synthetic 
purified peptide was analyzed for amino acid composition, 
using a Waters Pico Tag amino acid analyzer. The sequence 
of the first five N terminal amino acids was confirmed 
using an Applied Biosystems 470A Gas Phase Protein 
Sequencer.
2.2.4 Mass Spectroscopy
To determine the molecular weight of the purified 
peptide, the peptide samples were analyzed using a 252Cf 
Plasma Desorption Mass Spectrometer (PDMS) BIO ION 20 (Bio 
Ion Nordic AB, Uppsala, Sweden). In PDMS, the spontaneous 
fission of the 252Cf source emits high energy fragments
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that desorb and ionize the sample molecules from a target 
foil. The operating conditions for analyses were as 
follows: the acceleration voltage was 15kV with 8K
channels being monitored for a duration of 1 million 
counts (about 10 minutes). The samples were applied to a 
nitrocellulose-coated target in a 50:50 w a t e r :ethanol 
solution, allowed to absorb for 10 minutes and then loaded 
into the instrument.
2.2.5 Size Exclusion Chromatography
To determine the state of aggregation of the 
peptides, size exclusion chromatography was done. The size 
exclusion procedure used was carried out in a 1.6cm by 
90cm column of Sephadex G50F (Pharmacia) . The eluent was 
monitored by measuring the absorbance at 220nm. Standard 
protein size markers (0.1 to 5. Omg) were applied to the 
column in 0.5ml of 0.05 3 - [N-morpholino] propano/sulfonic 
acid (MOPS) buffer, pH 7.0, 5% glycerol, 0.1% sodium azide 
with varying concentrations of NaCl (from 0 to 1.0M). The 
proteins were eluted using the same buffer but without 
glycerol at a flow rate of 0.3ml/min. Blue Dextran, a 
protein with a mass of 2000Kd, was used to determine the 
void volume. The apparent molecular weight of Shiva-1 was 
determined from the standard curve and the aggregation 
number was determined by dividing with the weight of a 
Shiva-1 monomer.
2.2.6 Circular Dichroism
In order to determine the possible a helix content of 
the peptide, CD spectra were obtained at natural pH using 
a JASCO model 500C CD Spectropolarimeter with a jacketed 
cylindrical cell (Wilmad, pass length 0.5cm). Stock
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solutions containing 0.01M sodium phosphate were used as 
aqueous solvent while 1,1,1,3,3,3 hexafluropropanol was 
used as the hydrophobic solvent. The molar ellipticity was 
calculated using the following equation:
[O] = 100*0 / # of amino acids in peptide * [mole/L] * 1
where [O] = molar ellipcity in m deg cm^/dmol
0  = ellipticity in m deg
1 = pass length (0.5 cm)
2.2.7 Protein Concentration Measurement
The protein concentration was measured using the Bio- 
Rad Protein Assay Kit . This assay is based on the 
observation that the absorbance maximum for an acidic 
solution of Coomasie Brilliant Blue G-250 shifts from 
465nm to 595nm when binding to protein occurs. The Bio-Rad 
bovine gamma globulin was used as a standard protein for 
the assay. The procedure given by the manufacturer was 
strictly followed.
2.2.8 Antibacterial Activity Assay
Each vacuum dried peptide was dissolved in 0.01M 
phosphate buffer, pH 6.8, to make a 5xlO“ ^M solution. 
Dilute concentrations, from 10” 5 to 10“ ^M of peptides, 
were prepared by serial dilution of the 5xl0“ 3jyj stock 
using the same buffer. As a control solution, a 0.01M 
phosphate solution was used. Liquid cultures of test 
microorganisms were grown overnight in LB at 37°C and 
220rpm. The O.D. at 600nm of each culture was determined
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and the culture volume adjusted to the desired cell 
density. Exactly 20|ll of this culture was added to 1ml of
each of the diluted peptide preparations. The resulting 
mixtures were incubated at 37°C, 200rpm for 1 hour. After 
incubation, each mixture was plated on LB agar media. Each 
incubated mixture was diluted from 10"^- to 10“  ^ and each 
of the dilutions was used for plating. The colonies were 
counted after overnight incubation at 37°C. Percentage 
survival was calculated as the number of colonies in a 
particular treatment/number of colonies in control. For 
assays to determine synergy effects, the diluted 
concentration of Shiva-1 was added with an equimolar 
amount of chicken egg white lysozyme. In a few cases, 
1:10 Shiva-1:Lysozyme ratio was used. At least three 
separate assays were conducted for each treatment.
2.2.9 Effect of pH on the Antibacterial Activity of 
Shiva-1
To determine the effect of pH on the bioactivity of 
Shiva-1, antibacterial assays against E . coli HB101 were 
carried out at various pH values, namely pH 5.0, 6.0, 7.0, 
8.0 and 9.0. pH 5.0 buffer was prepared using a mixture 
of 8.8mM potassium acetate and 3.3mM acetic acid; pH 6.0 
was prepared using a mixture with lO.OmM potassium 
biphosphate and 1.6mM potassium monophosphate; pH 7.0 was 
prepared using 4.6mM potassium biphosphate and 7 . 4mM 
potassium monophosphate; pH 8.0 was made using 12mM Trizma 
HC1 and pH 9.0 was prepared with 0.12mM 3 — [ 1— (1 dimethyl-2 
hydroxyethyl) amino] 2-hydroxy-propanesulfonic acid. The 
antibacterial assay used was described in Section 2.2.8.
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2.2.10 Effect of Temperature on the Antibacterial 
Activity of Shiva-1
To determine the effect of temperature on the 
bioactivity of Shiva-1, antibacterial assays against E. 
coli HB101 were carried out at different temperatures. The 
temperatures used for the assays were 25°C, 30°C, 37°C,
40°C and 45°C. The antibacterial assay used was described 
in Section 2.2.8.
2.2.11 Effect of Boiling and Proteinase K on the 
Antibacterial Activity of Shiva-1
To make sure that the antibacterial effect of the 
synthetic material was due to the peptide and not to 
possible contaminants, the purified material was either 
boiled or treated with Proteinase K before the 
antibacterial assay. Shiva-1 solution was boiled for 5 
minutes and allowed to cool gradually to room temperature 
prior to the addition of E. coli. Proteinase K was used 
at concentrations of 2mg/ml and lOmg/ml. Shiva-1 solutions 
were incubated with the protease for 30 minutes at 37°C 
and the protease denatured at 75°C for 5 minutes. This 
solution was cooled to room temperature before the 
addition of E. coli. The concentration of Shiva-1 used 
for both boiling and proteinase K experiments was 5xlO~^M. 
The final density of E. coli used was 7xl07 cells/ml. The 
antibacterial assay was carried out as described earlier.
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2.3 Results and Discussion
2.3.1- Design of the Peptide
The primary sequences of the bactericidal peptide 
Shiva-1 and SB-37, an analogue of Cecropin B, are given 
in Figure 2.1. The percentage homology between Cecropin B 
and Shiva-1 is about 46%, i.e. 17 out of 38 amino acids. 
The differences in the amino acid sequence between 
Cecropin B and Shiva-1 are as follows: a) Shiva-1 has an 
additional pair of amino acids, met and pro, at its N- 
terminus; b) all lys residues in Cecropin B [positions 2, 
3, 6, 7, 10, 21, and 33] are substituted by arg in Shiva- 
1; c) arg at Cecropin B positions 13 and 16 are changed to 
lys in Shiva-1; d) three Cecropin B val [positions 4, 20
and 28] are modified to leu in Shiva-1; e) glu at 
positions 9 and 21 are modified to asp; f) asn at 
positions 14 and 17 are modified to gin; and g) the only 
internal met in Cecropin B [residue 11] is converted to 
val. These changes conserved the charge distribution and 
hydrophobicity of the natural peptide. They also preserved 
the tendency of the natural peptide molecule to form 
particular secondary conformations.
2.3.2 Secondary Structure of Shiva-1
Theoretical predictions on the secondary structure of 
Shiva-1 peptide were based on the rules formulated by Chou 
and Fasman (1974) and the updated conformational 
parameters given by Bell and Bell (1988) . In the 
conformational parameters, numerical values corresponding
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to the tendency of a particular amino acid to form part of 
an a-helix, P-sheet or P-turn were assigned. The following
table (Table 2.3) lists these numerical assignments. The 
values are proportionally equal to the tendency of a 
residue to be in a particular conformation. A value equal 
to or greater than 1.00 signifies strong, average or weak 
tendency, and a value less than one means indifferent, 
weak or strong breaker of a particular conformation. The 
values are at best relative and are only used for 
prediction. The actual conformation must be deduced by X- 
ray crystallography.
Table 2.3. Conformational parameters for amino acid 
residues appearing in a-helix, P~strand, and p-turn based 
on frequencies of occurrence in proteins of known 
structure.
Residue a-Helix p-Strand P-Turn
Glu 1.51 0.37 0.74
Met 1.45 1.05 0. 60
Ala 1.42 0.83 0. 66
Leu 1.21 1.30 0.59
Lys 1.16 0.74 1.01
Phe 1.13 1.38 0. 60
Gin 1.11 1.10 0. 98
Trp 1.08 1.37 0. 96
H e 1.08 1. 60 0.47
Val 1.06 1.70 0.50
Asp 1.01 0.54 1.46
His 1.00 0.87 0. 95
Arg 0. 98 0. 93 0. 95
Thr 0.83 1.19 0.96
Ser 0.77 0.75 1.43
Cys 0.70 1.19 1.19
Tyr 0. 69 1.47 1. 14
Asn 0. 67 0.89 1.56
Pro 0.57 0.55 1.52
Gly 0.57 0.75 1.56
Source: Bell and Bell, 1988
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Following the rules for secondary structure 
prediction, it can be deduced that the region from aa 1 to 
13 has a good tendency to form an a-helix. The arithmetic 
mean for the a-helix conformation (Pa) for this thirteen 
amino acids is 1.04. An extended a-helix is also possible 
for the region 1 to 24 (Pa=1.02). This extended helix may 
not readily form, but may be induced upon contact with a 
hydrophobic molecule (Steiner 1982). Likewise, the region 
from 27 to 37 has a strong tendency to form another helix 
(Pa=1.15). The presence of the two consecutive a-helix
breakers, gly and pro, in positions 25 and 26 makes the 
formation of a continuous helical structure along the the 
entire molecule unlikely. The possibility of a continuous 
helix, however, is not totally ruled out. Similar 
structures had been identified in Cecropins A and B, and 
it is very likely that Shiva-1 bioactivity stems from 
exactly the same mechanism involved in these cecropins. 
The predicted a helical structure for Shiva-1 is given in 
Figure 2.2 below.
MPRWRLFKRRIDRVGKQIKQGILRAGPAI AL WGDARAVG 
+ + + + - +  + + +
Figure 2.2. Structure of Shiva-1. The secondary structure 
is based on the prediction for Cecropins A and B (Steiner
et al., 1988; Fink et al., 1989). The values Pa, pP and Pt 
are the arithmetic means for the tendency of a particular 
region to form a particular conformation. The structure 
is based on the rules of Chou and Fasman (1974) and the 
values are obtained from Bell and Bell (1988) . The
structure consists of two helices joined by a P-turn and 
is believed to be induced upon contact with bacterial 
membrane. The region from 23 to 2 6 has a strong tendency
to form a P~turn.
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When plotted as an Edmundson a-helical wheel, Shiva-1 
can be shown to possess an amphipathic nature. Amphipathy 
refers to the condition where one longitudinal side of a 
molecule contains most or all of the hydrophobic molecules 
and the other side contains most or all of the hydrophilic 
ones. The helical wheel is a planar projection from the 
N-terminus down the axis of the entire Shiva-1 molecule, 
constructed in Figure 2.3 as two ideal a-helical segments.
This helical wheel is very similar to that obtained for 
Cecropin B.
Figure 2.3. Helical wheel configuration of Shiva-1 showing 
its amphipathic nature. The structure which is based on 
Schiffer and Edmundson (1967) is a planar projection from 
the N-terminus down the axis of the entire Shiva-1 
molecule. The amino acid residues are represented by two 
ideal a-helices.
(£+
Legend:
Hydrophobic
Hydrophilic
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Circular dichroism spectra lend support to the 
predicted secondary structure of Shiva-1 (See Figure 2.4). 
The CD spectra of Shiva-1 and Cecropin A are almost 
identical. The spectrum in 2.5mM sodium phosphate can be 
interpreted as reflecting largely random coil structures. 
When the solvent was changed to a hydrophobic membrane­
like environment, the spectrum changed to a form 
reflecting
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Figure 2.4. Circular dichroism spectra of Shiva-1 and 
Cecropin A in the far UV. The aqueous solution has 2.5mM 
sodium phosphate and the hydrophobic solvent contains 20% 
1,1, 1, 3, 3, 3-hexafluoro-2-propanol (HFP) . The CD spectra 
for Cecropin A has been reprinted from Steiner, 1982 and 
was shown to be identical to a simulated spectrum 
containing 81% a-helix, 7% p-sheet and 12% random coil.
Legend:---Cecropin A in 2.5mM Na-phosphate; Cecropin A
in 2. 5mM Na-phosphate with 20% HFP; ...a simulated 
spectrum containing 81% a-helix, 7% P-sheet and 12% random
coil;-o- Shiva-1 in 2.5mM Na-phosphate; -A- Shiva-1 in 
2.5mM Na-phosphate with 20%HFP.
large regions of a helix.
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2.3.3 Synthesis and Isolation of Synthetic Peptides
HPLC profiles of the partially purified peptides 
indicated a purity of more than 95% (see Figure 2.5). The 
amino acid analyses done after acid hydrolysis of the 
synthetic peptides gave the expected molar ratios. 
Likewise, the partial amino acid sequence verified the 
first five amino acid residues in the N-terminal and the 
completeness of the synthesis. A peak corresponding to 
4243 dalton, the peptide's expected molecular weight is 
very prominent in the Shiva-1 mass spec profile (see 
Figure 2.6) . The profile adds to the proof of the 
synthetic fidelity of the peptide used.
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Figure 2.5. HPLC Profile of Shiva-1. The sample was run 
in an aqueous solution containing 50% methanol. A Waters 
JlBondapak C18 column was employed using a Varian 5000 HPLC 
System.
IU
E 
i
o
n
:
38
200
ISO
ISO
120-
100-
40-
4000 4050 4100 4150 4200 4250 4300 4350 4400 4450 4500 4550 4600 <M'Z>
Figure 2.6. Mass Spec Profile of Shiva-1. The profile 
shows a very distinct peak at 4243 dalton, the expected 
molecular weight of Shiva-1.
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2.3.4 Antibacterial Assays
The results of the antibacterial assays are 
summarized in Table 2.4. The quantitative index for the 
toxicity of the bactericidal peptides is given as lethal 
dosage 50, or the concentration of the peptide at which 
50% of the initial number of bacteria are killed. The 
individual curves which show the relation between the 
concentration of the bactericidal peptide and the 
percentage survival for the different pathogens are given 
in Figures 2.7a to 2.71.
Table 2.4. Lethal Dosage 50 of Bactericidal Peptides
L D 5 0 . in j i m q l a r
MICROORGANISMS SB-37 SHIVA LYSOZYME S+L #CELLS/ML
E. coli 0.40 0.40 63.00 0.35 7.OxlO7
Sac. cerevesiae 40.00 9.00 ND ND 2.0xl04
Animal Pathogens
Pseud, aeruginosa 0.89 0.39 1.12 0.015 9.5xl08
Staph, aureus 0.95 0.50 10.00 0 .50 3.5xl07
Staph, intermidius
19930 1.90 1.10 5.00 0.79 1.2xl07
Staph, intermidius
20034 2.20 1.10 7.94 0.63 3.3xl07
Plant Pathogens
Clav. mich. mich. 2.50 12.50 51.00 4.90 4.7xl07
Erw. car. car. 0.51 0 .25 No effect 0.25 9.8xl07
Pseud, sol. 15.80 7.90 7.90 3.20 4.7xl07
Pseud, syr. phas. 0.28 0.09 2.81 0 .08 1.7xl07
Pseud, syr. tab. 0.56 0.56 0.50 0.40 2.7xl07
Xanth. camp. camp. 0.40 0.35 1.41 0.14 6.OxlO7
Legend:
S=Shiva-l L=Lysozyme
S+L=Shiva-l + Lysozyme; the concentration given is for each of the
peptides 
ND=not determined
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Figures 2.7a and 2.7b . The effect of bactericidal
peptides on E. coli (top) and Saccharomyces cereviseae 
(bottom) .
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Figures 2.7c and 2.7d. Antibacterial assays of
bactericidal peptides against Pseudomonas aerigunosa (top)
and Staphylococcus aureus (bottom).
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Figures 2.7e and 2 .7f . Antibacterial assays of
b a c t e r i c i d a l  pe p t i d e s  against two strains of
Staphylococcus intermedius 19930 (top) and 20034 (bottom).
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Figures 2.7g and 2.7h. Antibacterial assays of 
bactericidal peptides against Clavibacter michiganensis 
s p p . m i c h i g a n e n s i s  (top) and E rw i n ia  c ar ot ov or a 
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Figures 2.7i and 2.7j. Antibacterial assays of
bactericidal peptides against Pseudomonas solenacearum
(top) and Pseudomonas syringae spp. phaseolica (bottom).
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These results clearly demonstrate that Shiva-1 has 
full bactericidal activity. It is an interesting fact 
that in most cases, Shiva-1 displays a higher bioactivity 
than SB-37, the analogue of Cecropin B.
These results provide evidence that the bactericidal 
activity is not confined to any specific amino acid 
sequence, but is rather dependent on the physical 
properties of the peptide. Changes in the peptide 
sequence will not destroy its bioactivity as long as the 
changes maintain certain peptide physical attributes. 
Thus, this peptide sequence is flexible. This is probably 
why in nature lytic peptides are ubiquitous and possess 
highly heterologous sequences. Variation in the primary 
structure is permitted as an evolutionary response against 
specific targets. Obviously, the modifications made on 
Shiva-1 followed some physical contraints. Specifically, 
amino acids similar in charge and ability to form or 
disrupt the helix, were exchanged and this conserved the 
general character of the bactericidal peptide.
The peptides Shiva-1 and lysozyme display synergism, 
i.e. the combined effect of the two peptides is greater 
than the sum of their individual effects. This is most 
pronounced in the case of P. aeruginosa. In this respect, 
Shiva-1 behaves like Cecropin B. The presence of 
synergistic effects probably explains why more than one 
type of antibacterial peptides are produced by insects to 
fight off bacterial infection.
To make sure that the activity of the Shiva-1 was due 
to the peptide and not to any possible contaminant, 
antibacterial assays against E. coli using 0.ImM Shiva-1 
treated with lOmg/ml proteinase K were carried out. The
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proteinase K treated peptide did not show any biological 
activity against E. coli indicating that the bactericidal 
property of the sample used was due to the intact 
(undigested) Shiva-1. Shiva-1 which had been boiled for 5 
minutes and cooled prior to antibacterial assays gave an 
activity which was identical to that of untreated peptide. 
This shows that Shiva-1 is heat stable.
2.3.5 Mechanism of Action
The mechanism of bacteriolytic action is far from 
being clearly understood. The primary mode of action of 
the peptide is membrane disruption followed by lysis due 
to the bacteria's loss of osmotic integrity (Jaynes et 
al . r 1989, see Figure 2.8) . Steiner (1982) offered a 
simplified mechanism for the action of cecropins. 
According to this model, the amphipathic helix is anchored 
to the surface of the membrane and then the central part 
of the molecule penetrates deeper into the lipid bilayer. 
Cell lysis occurs as a consequence of the disordering of 
the lipid bilayer molecules. This is somewhat similar to 
the mode of action proposed for the melittin (reviewed in 
Eisenberg, 1984). In his model, the melittin buries its 
large hydrophobic face in the lipid bilayer and exposes 
its hydrophilic face to the aqueous phase (see Figure 
2.9). The lytic effect stems from the limited penetration 
into the upper leaflet of the bilayer which creates a 
kink. Several of these kinks could join to form a pore 
with a hydrophilic interior.
How the lytic peptides, specifically the cecropins, 
act on the membrane is still subject to debate. One model 
which had been based on the amphipathic properties of 
Cecropin A suggests that the lytic action is a consequence
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Figure 2.8. Physiological consequences of the exposure 
cells to lethal concentrations of lytic peptides.
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Figure 2.9. A model for melittin binding at a surface. On 
the left, the amphipathic a—helix is shown schematically at a 
surface (the dashed line) between the aqueous phase (above) 
and the hydrophobic phase (below). The molecule is oriented 
such that its hydrophilic side chains extend downward into 
the lipid. On the left, two phosphatidyl choline molecules 
have been added, showing polar contacts between their head 
groups with polar side chains on melittin and apolar contacts 
between the hydrocarbon tails and hydrophobic side chains of 
melittin. Reproduced from Mueller and Rudin, 1968.
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of surface active properties of the peptides (Merrifield 
et al., 1982). In this model, Cecropin A is thought to be 
induced to exist as an extended helix for most of its 
length when in contact with a hydrophobic membrane (See 
Figure 2.10-B). The middle region, which has a relatively 
low helix potential in aqueous solution, would form a 
helical confirmation as well.
To effect such orientation, the initial step would be 
an electrostatic attraction of the peptide N-terminal 
polar amino acids and the polar head groups of the 
membrane surface. This is followed by the rotation of the 
helix about its axis. This model would require that the 
peptide must have an amphipathic character throughout most 
of its length.
A second model takes into consideration that the C- 
terminal helix of the Cecropin molecule is more 
hydrophobic than the N-terminal helix. Such character 
potent ially leads to an exclusively hydrophobic 
interaction of the apolar C-terminal helix with the 
bacterial membrane hydrophobic matrix. This model also 
takes into account that the central part of the cecropins 
seems to be flexible or may contain potential bends, which 
is essential for the formation of hairpin-like secondary 
structure (See Figure 2.10-A and C) . The amphipathic N- 
terminal segment would then insert into the membrane and a 
cluster of these would form a pore (Fink et al., 1989).
These models are similar in two aspects : a) the
feature of an amphipathic helix is central to the peptide 
interaction with the membrane and b) the bioactivity is
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Figure 2.10. A simplified secondary structure of natural 
cecropins. (Reproduced from Fink et al., 1989).
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attributed to the wedge effect, i.e. the limited
penetration of the peptide molecule into the membrane
which causes disorder of the membrane leading to 
destabilization and finally destruction of the lipid 
bilayer. It is also possible that this limited penetration 
may just be the start of a series of steps which may 
include further insertion of the N-terminus or by an 
integration of the whole peptide perpendicular to the
membrane surface. In any case, the final event is the 
pore formation if several peptides are involved (Fink et 
al., 1989).
In both models, the initial penetration of the
peptide into the membrane is caused by monomeric 
peptide units. Such model, where penetration is caused by 
monomeric peptide units, is probably the case for Shiva-1. 
This is supported by the results obtained from size 
exclusion chromatography which show that Shiva-1 exists as 
a monomeric unit in aqueous solution (see Figure 2.11) .
The fact that the artificially synthesized Shiva-1 
displays a more potent bactericidal activity than Cecropin 
B analogue is surprising. One difference between the two 
is the net charge of the hydrophilic residues on the polar 
side of the N-terminal helix. All lysine in Cecropin B 
were substituted by arginine in the synthesis of Shiva-1. 
This change makes the N-terminal of Shiva-1 more 
hydrophilic than that of Cecropin B. The calculation for 
the net charge was based on the hydrophobic values for 
amino acids given by Eisenberg (1984). In this hydrophobic 
scale, positive values were assigned to hydrophobic 
residues and negative values were given to hydrophilic 
ones. The numerical value in the scale is directly 
proportional to the hydrophobicity of the amino acid.
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Figure 2.11. Calibration curve typically obtained with 
protein standard markers. The column void volume (Vo) was 
determined using Blue Dextran (MW=2,OOOKd). (Reproduced 
from Sigma Catalogue). In our work, the Ve/Vo obtained 
for aprotinin (MW=6.5Kd) was 2.1 and the Ve/Vo obtained 
for Shiva-1 was 2.2 indicating that Shiva-1 exists as a 
monomer in aqueous solution.
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Table 2.5 shows the calculation of the net charge of N- 
terminal a-helix hydrophilic side.
Table 2.5. Calculation of the Net Charge of N- 
terminal OC-Helix Hydrophilic Side
Cecropin B Shiva-1
amino acid position 
amino acid residue 
hydrophobic charge 
net charge
2 3 6 9 10 
W K K E K 
+.81 -1.5 -1.5 -.74 -1.5
-4.43
2 3 6 9 10 
W R R D R 
+.81 -2.5 -2.5 -.78 -2.5 
-7.54
Assuming that the Shiva-1 molecule gets imbedded 
either partly or entirely into the lipid bilayer of the 
bacterial membrane, the higher charge on the hydrophilic 
side of Shiva-1 would lead to stronger hydrophilic forces 
between adjacent Shiva-1 molecules. As stated in the 
earlier model for melittin, joining of several a-helix
amphipathic molecules can lead to a formation of a pore 
which will have a hydrophilic interior and from which 
cellular components will leak out.
2.3.5 Effect of Temperature and pH on the 
Bioactivity of Shiva-1
The optimum temperature for Shiva-1 in the test was 
40°C (see Figure 2.12). The activity of Shiva-1 generally 
decreases with increasing pH (see Figure 2.13). This is
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Figure 2.12. The effect of temperature on the bactericidal 
activity of Shiva-1 against E. coli.
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of Shiva-1 against E. coli.
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probably due to the weakening of the hydrophilic charge at 
the N-terminal of the Shiva-1 molecule. Increased 
alkalinity neutralizes the N H 4 + ion of the charged 
arginine and lysine molecules to NH 3 . This is consistent 
with the observation that Shiva-1, which has a higher 
hydrophilic charge than SB-37, also has a higher 
bioactivity.
2.4 Summary and Conclusion
The amino acid homology of Shiva-1 and Cecropin B is 
only 46% but the hydrophobic properties, charge 
distribution and tendency to form an a - h e l i c a l
configuration of the two peptides are almost the same. 
Shiva-1 displays bactericidal activity against a variety 
of Gram positive and Gram negative bacteria. This provides 
evidence that the bactericidal activity of Cecropin B is 
not dictated by its primary sequence. Instead, the 
bioactivity is determined by certain physical structures 
of the peptide molecule. Modifications made on the primary 
sequence will not destroy the peptide's bioactivity as 
long as these changes conserve certain physical 
characteristics of the protein.
Like the Cecropins, Shiva-1 exists as a random coil, 
monomeric unit in aqueous solution. In a hydrophobic 
enviroment, Shiva-1 assumes mainly an a - h e l i c a l
configuration. Although this study does not attempt to 
probe the mechanism of bactericidal action by Cecropin- 
like peptides, these findings may be useful in unraveling 
this mechanism.
CHAPTER THREE
THE INTRODUCTION OF A GENE ENCODING 
SHIVA-1 INTO TOBACCO FOR INCREASED 
PLANT BACTERIAL RESISTANCE
3.1 Materials
3.1.1 Enzymes, DNA, RNA and Proteins
All restriction endonucleases, DNA ligase, DNA 
kinase, T4 DNA polymerase, and Klenow fragment were 
purchased from Bethesda Research Laboratories [B R L ] 
(Bethesda, MD), New England Biolabs, Inc. [NEB] (Beverly, 
M A ) , Promega Biotech Corp. (Madison, WI), Pharmacia 
(Piscataway, NJ) , Boehringer-Mannheim Biochemicals [BMB] 
(Indianapolis, IN) and United States Biochemicals [USB] 
(Cleveland, O H ) . DNAse, RNAse, proteinase, DNA, RNA and 
protein size markers were purchased from BRL or USB. 
Oligonucleotides used for automated DNA synthesizer were 
obtained from Applied Biosystems (Foster City, C A ) .
3.1.2 Kits
Nick translation, random priming and sequencing kits 
were obtained from BMB, BRL and USB. Protein assay kit 
was purchased from BioRad (Richmond, CA) . Fast track 
polyA mRNA isolation kit was obtained from Invitrogen (San 
Diego, CA) . Western blot "Protoblot" kit was purchased 
from Promega. GUS assay kit was from Clontech 
Laboratories, Inc. (Palo Alto,CA).
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3.1.3 Chemicals
Bacto-tryptone, bacto-yeast, bacto-peptone and bacto- 
agar were obtained from Difco Laboratories (Detroit, MI) . 
Agarose, dithiothreitol, urea and phenol were from BRL or 
American Research Products Company [AMRESCO] (Solon, O H ) . 
The low melting agarose Alaplaque came from FMC 
Corporation (Rockland, ME). Acrylamide, N , N '-methylene 
bisacrylamide, TEMED and ammonium persulfate were products 
of BioRad. 5-bromo-4-chloro-3-indolyl-P-D galactoside (X- 
gal) was obtained from USB. Isopropyl-P-D-thiogalac- 
topyranoside (IPTG), 2 morpholine ethanesulfonic acid 
(MES), Tris-hydroxymethyl) animoethane (Tris), hexamine 
cobalt chloride, p o l y v i n y l  p y r r o l i d o n e  (PVP), 
ethylenediamine-tetraacetic acid (EDTA), tetramethyl 
ammonium chloride, sodium dodecyl sulfate (SDS), 
polyethylene glycol (PEG), phenylmethylsulfonyl fluoride 
(PMSF), S ephadex G-100, ampicillin, kanamycin, 
spectinomycin, streptomycin, and chloramphenicol were 
purchased from Sigma Chemical Company (St. Louis, MO) . 
Rubidium chloride was from Morton Thiokol Inc. (Danvers, 
MA) . Premade Sephadex G-50 columns were from 5Prime- 
3Prime, Inc. (Paoli, PA) . Nitrocellulose filters were 
purchased from Schleicher and Schuell (Keene, N H ) . 
Duralon UV membranes were obtained from Stratagene (La 
Jolla, CA) . Zetaprobe membranes were from BioRad and 
Immobilon membranes were from Millipore Corp. (Bradford, 
MA) .
Tissue culture agar, phytogar and premixed Murashige 
and Skoog salts were purchased from Hazleton Biologies, 
Inc. (Lenexa, K S ) . The phytohormones benzyladenine (BA), 
napthaleneacetic acid (NAA), 2,4D dicholorophenoxyacetic
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acid (2,4D), and the vitamins myoinositol, thiamine HC1, 
nicotinic acid, pyridoxine were purchased from Sigma. 
Cefotaxime sodium under the brand name Claforan was 
ordered from Hoechst-Roussel Pharmaceuticals, Inc. 
(Somerville, NJ) . Chemicals for the (5-glucorinase assays
4-methylumbelliferone (MU), 4-methyl umbelliferyl 
g l ucuronide (MUG) and 5 - b r o m o - 4 - c h l o r o - 3 - i n d o l - l  
glucoronide (X-gluc) were purchased from Clontech and 
Research Organics, Inc. (Cleveland, O H ) .
3.1.4 Radioactive Compounds
Deoxynucleoside triphosphates labeled at the (X 
position and ribonucleoside triphosphates labeled at the y 
position with 32p as Well as [0c3 5 s] dATP were purchased 
from ICN Biomedicals, Inc. (Irvine, CA) and New England 
Nuclear (NEN)/Du Pont Co. (Wilmington, D E).
3.1.5 Bacterial Strains and Vectors
The bacterial strains used in this work as well as 
their genotypes and references are listed in Table 3.1 on 
the next page.
3.1.6 Plasmids
Table 3.2 provides a list of the plasmids used in 
this study, as well as the purpose of each plasmid.
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TABLE 3.1 List of E. coli Strains Used for Cloning
E. coli Genotype Reference
JM101 A(lac proAB) sup E, thi/F',
tra D36, pro AB, lac I^Z 
AMI 5
Messing et 
al.r (1981)
DH5CX F~, end Al, rec Al, ¥801 
lacZAMIS, hsd R (r^- ,]!^ - ) 
sup E 44, thi -, X, gyr A96, 
rel A 1, A(lac ZYA-argF), 
U169
BRL Focus 
(1986) 8:2,9
DH50C’ same as DH50C but F ' BRL Focus 
(1986) 8:2,9
JM107 A (lac proAB) sup E 44?l-/F' 
traDG, proAB, hsdR^7 (rjc-iri]c+ )
thi gyr.A96, endAl, lacI^Z 
AMI 5
Yanisch-
Perron
et a l ., 
(1985)
HB101 F-, hsdS20 (r^ -mj-,-) recA13 
leuB6 , aral4, proA2, lacYl 
galK2, rps L20 (strr) xyl-5 
mtl-1 sup E 441“
Boyer et a l ., 
(1969)
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TABLE 3.2 List of Plasmids Used for Cloning
Plasmid Purpose Reference
pMON 530 Initial cloning of Shiva-1 
gene since it contains Bglll 
and EcoRI sites in its poly­
linker; DNA amplification
Rogers et 
al., (1987)
puc 19 double-stranded vector for 
sequencing; DNA amplification
Yannisch- 
Perron et 
a l ., (1985)
pIG 1 source of the wound inducible 
promoter from potato 
proteinase inhibitor II gene
Keil et a l ., 
(1986)
pCa2 source of the double cauli­
flower mosaic virus promoter; 
used initially to clone 
Shiva-1
Kay et al., 
(1987)
pRK2013 contains mob genes to mobi­
lize pMON intermediate 
vectors into A. tumefaciens 
LBA4404 during triparental 
mating
Fraley et 
a l . , (1985)
PBI121 binary vector compatible with 
Agrobacterium LBA4404
Bevan
(1984)
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3.1.7 Agrobacterium Strains
Several types of Agrobacterium tumefaciens were tried 
during the preliminary work. In the final experiments, 
the Agrobacterium tumefaciens LBA4404 was used. The 
description and references of the strains are given in 
Table 3.3.
Table 3.3. List of Agrobacterium tumefaciens 
Strains Used in the Experiment
Strain Description Reference
GV3111SE disarmed strain which 
carries pTi B 6 S3-Se, it 
contains only the T DNA left 
border sequence and a region 
of homologous DNA which allows 
for cointegrate formation
Fraley et 
al.,(1985)
LBA4 404 a non-tumor-forming deriva­
tive of LBA4401, it contains 
a Ti plasmid pTiAL 4404, with 
deleted T-region but intact 
vir-region
Oomas et 
a l ., (1982)
A281 carries pTiBo542, transforms 
a wide range of plants
An et a l ., 
(1985)
63
3.1.8 Greenhouse Supplies
Pro-Mix soil, Jiffy pots, pesticide Temik and 
fertilizer Miracle Grow were purchased from BWI, Inc. 
(Jackson, M I ) .
3.1.9 Others
The tobacco seeds (Nicotiana tabacum var Xanthii and 
var Samsung) were gifts from Dr. Hector Flores (Department 
of Plant Pathology, Pennsylvania State University).
The New Zealand rabbits used to raise antibodies 
against bactericidal peptides for use in the experiments 
were provided by Dr. Dorcas Schaeffer (School of 
Veterinary Medicine, LSU) . The adjuvant used in the 
injection of the peptide was purchased from RIBI 
(Hamilton, M T ) .
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3.2 Methods
3.2.1 DNA and Plasmid Constructions
Construction qj£ Shiva-1 Gene . The DNA coding for
Shiva-1 protein was synthesized initially as six 
overlapping single stranded, short oligonucleotides. The 
sequences are as follows:
AGATCTACCATGCCGCGCTGGCGTCTGTTCCGCCGTATCGACCGTGTTGGCAAACAG 1
ATCAAACAGGGTATCCTGCGTGCTGGCCCGGCTATCGCTCTGGTT 2
GGCGACGCCCGCGCAGTTGGTTGAG 3
AATTCTCAACCAACTGCGCGGGCGGTCGCCAACCAGAGC 4
GATAGCCGGGCCAGCACGCAGGATACCCTCTTTGATCTCTTTGCCAA 5
CACGGTCGATACGGCGGAACAGACGCCAGCGCGGCATGGTA 6
The first three oligonucleotides form the coding 
strand of Shiva-1 gene and the last three form the 
complementary strand.
The oligonucleotides were so designed such that the 
5' end would have a Bglll site and the 3' end would have 
an EcoRI site. Oligonucleotides were synthesized using an 
Applied Biosystems, Inc. [ABI] Model 380A DNA Synthesizer. 
The procedures for the synthesis were essentially as 
described in the manufacturer's instructions. The 
oligonucleotides were purified using ABI oligonucleotide 
p u r i f i c a t i o n  c a r t r i d g e s .  D e p r o t e c t e d ,  c r u d e  
oligonucleotide in 2-3ml concentrated ammonium hydroxide 
was added with 1ml deionized water. The oliogonucleotide 
solution was loaded on the cartridge previously flushed 
with 5ml acetonitrile followed by 2 . OM triethylamine 
acetate. The eluate was reloaded and a final eluted 
fraction put through another cartridge until exhausted of
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trityl oligonucleotide. The cartridge was flushed with 
2x5ml of 2% trifluoroacetic acid solution. The cartridge 
was again flushed with 2x5ml deionized water. The 
detritylated oligonucleotide was then eluted by flushing 
the cartridge with 3xlml of 20% acetonitrile solution. 
The eluate was evaporated to dryness and dissolved in 
TrisHCl, pH 7.0 buffer containing 20mM Tris and ImM EDTA. 
The oligonucleotides were kinased and annealed by heating 
single strands to 90°C for 10 minutes and then cooling to 
room temperature.
£ 1 Qning—Qf_Shi-Va^3^-gL£lie into the Intermediate Vector
p B I 1 21. Following treatment with kinase and annealing, 
the Shiva-1 oligonucleotide was cloned into the Bglll, 
EcoRI digested pMON530. pMON530 is a plasmid developed 
by Monsanto and is an intermediate vector for binary 
t r a n s f o rmation. It contains sp e c t i n o m y c i n -  and 
streptomycin-resistance genes. Upstream of its polylinker 
site is the Cauliflower mosaic virus 35S promoter and 
downstream of the polylinker is the 3' end of nopaline 
synthetase gene. The plasmid pMON530 Shiva-1 was then 
used to transform E. coli HB101. The plasmid was prepared 
in large-scale quantities and purified using Cesium 
chloride banding (Maniatis et a l . , 1989). This plasmid
was then used for subsequent manipulations. The scheme for 
the introduction of the Shiva-1 synthetic oligonucleotides 
into pMON530 is given in Figure 3.1.
The plasmid pMON530 Shiva-1 was initially cut using 
EcoRI and the sticky ends were filled in to produce blunt 
ends. The plasmid was then cut with Bglll. The digestion 
produced Shiva-1 gene with a 5' blunt end and a 3' Bglll 
end. This fragment was cloned into the BamHI and HincII
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six synthetic single stranded oligonucleotides
I — .. ] I I I    . I
i :
Bglll f
kinase
anneal
\'
Bglll, EcoRI cut
ligate
pMON 530 
Shiva-1
]EcoRI
Figure 3.1. The introduction of Shiva-1 synthetic 
oligonucleotides into pMON530. Six single-stranded synthetic 
oligonucleotides were kinased, annealed and then ligated into 
pMON 530.
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sites of p I G I . pIGI is a plasmid given by Dr. Lothar 
Willmitzer (Max-Planck-Institut, FRG) .
The polylinker site of pIGI is located between the 
1.5Kb 5' end and 270bp 3' end of the wound inducible
potato proteinase inhibitor gene II. The resulting 
plasmid, which has the Shiva-1 gene under the wound- 
inducible promoter, is called pIGShiva (or pWIShiva). 
pIGShiva was cut using Hindlll to give a 1.7Kb fragment 
which contains the WI promoter Shiva-1 gene and WI 3 1 end. 
This 1.7Kb fragment was subsequently cloned into p B H 2 1 .  
pBI121 is an intermediate binary vector for Agrobacterium 
mediated transformation. pBI121 contains a P-glucuronidase
(GUS) cassette under CaMV 35S promoter and NOS terminator. 
This gene construct is expressed at high levels in 
transformed tobacco cells. pBI121 also contains neomycin 
phosphotransferase gene which confers resistance to the 
antibiotic kanamycin. The complete cloning scheme for the 
introduction of the Shiva-1 gene in pIBI is given in 
Figure 3.2. The two possible orientations of the Shiva-1 
gene in pIBI is given in Figure 3.3.
3.2.2 Agrobacterium Transformation
The Agrobacterium strain LBA4404, a non-oncogenic 
derivative of Agrobacterium tumefaciens LBA4001, was used. 
This strain contains a Ti plasmid, pAL4404, with a deleted 
T region but an intact vir region. It is compatible with 
the intermediate vector pBI121, which has the pRK origin 
of replication, enabling it to be maintained in the 
Agrobacterium cell.
The transformation developed by Holster et al. (1978) 
was followed. In this procedure, Agrobacterium was grown
cut with E 
fill-in
cut with B<
WI
Hd
cut with Bm, HpIGI 
5. 6Kb 
Str/Spc
Bm/Bg
Hd
filled-in B/Hc,F
pIGShiVc 
5.7Kb 
Str/Spc
Hd
CaMV
35S
Hd P GUS
cut with Hi
PBI121
12Kb
Kn
cut with Hi
Hd, P
Hd
Legend: Bg - Bglll 
E - EcoRI 
Bm - BamHI 
He - Hindi 
P - PstI 
Hd - Hindi!!
Kn
Figure 3.2. Cloning scheme of Shiva-1 into the intermediate 
vector pBI121. Synthetic oligonucleotides were cloned 
initially into pMON530. This cloning scheme puts Shiva-1 
under the control of a wound-inducible promoter. Shiva-1 was 
finally cloned into pBI121.
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ORIENTATION II
0.27 .0.125. .1.3
Hindlll HindllI
RB LB
Nos 5 NPTII(Kan R) Nos 3 ’ :aMV35SPro B-GUS Nos 3
WI 5 SHIVA-1 Wl-Pro
PstI
Hindlll Wl-Pro SHIVA-1 WI 5' Hindlll
1.3. .0.125----^ —  0.27
ORIENTATION I
Figure 3.3. Cloning of Shiva-1 gene into pBI121. Shiva-1 
was put under the control of the wound-inducible potato 
proteinase inhibitor II promoter and terminator. The two 
possible orientations are shown here. The segment of T-DNA
in pBI121 has kanamycin gene and |3-GUS gene as reporter 
genes. These two flank the Hindlll cloning site.
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in YEP (bacto yeast extract lOg, bactopeptone lOg, NaCl 5g 
per liter) at 28°C. Overnight culture was diluted 25-fold 
with YEP and grown until the O.D. at 600nm was from 0.5 to 
1.0. The culture was then chilled on ice and centrifuged. 
The pellet was resuspended in 20mM CaCl2 solution. To the 
0.1ml aliquot cell suspension, lmg of plasmid DNA was 
added. This Agrobacterium cell-plasmid DNA mixture was 
frozen in liquid nitrogen and then thawed at 37°C. The 
mixture was resuspended in YEP and then spread on YEP agar 
plate containing the appropriate antibiotic for selection. 
This transformation method was used when pBI121 and its 
derivatives were introduced into A. tumefaciens LBA4404.
Alternatively, the process of triparental mating or 
conjugation was used. The protocol developed by Rogers 
et a l . (1988) was followed. Equal volumes of overnight
cultures of A. tumefaciens, E. coli/pRK2013 helper strain 
and E. coli with an intermediate vector were combined and 
centrifuged to pellet the cells. The cells were then 
resuspended and an aliquot pipetted into an LB plate. 
After an overnight incubation, the cells from the mating 
were collected and resuspended in LB. The cells were 
spread in selection plates and allowed to incubate for two 
more days. Exconjugants (colonies growing on the 
selection media) were restreaked on new selection plates 
and single colonies were grown in LB with selection 
antibiotics. Confirmation of Agrobacterium exconjugants 
was based on Southern blot using Agrobacterium total DNA. 
This transformation procedure was used when pMON530 and 
its derivatives were introduced into A. tumefaciens 
GV3111SE.
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3.2.3 Agrobacterium tumefaciens plasmid isolation
A grobactjsrium Plasmid Ouickscreen. To check the
stability of the intermediate vector in Agrobacterium, the 
plasmid was isolated and analyzed. The procedure was 
based on Birboim and Daly (1979) and modified by An et al. 
(1988). Agrobacterium was grown in 1ml YEP at 28°C. The 
overnight culture was pelleted and then resuspended in 
0.1ml of Solution I (50mM glucose, lOmM EDTA, 25mM 
TrisHCl, pH 8.0 and 4mg/ml lysozyme) . About 90|ll of phenol
saturated solution II (1% SDS, 0.2N NaOH) was then added 
followed by 150)1.1 of 3M sodium acetate, pH 4.8. The tube
was incubated and centrifuged. The supernatant was ethanol 
precipitated, washed and dried by vacuum dessication. The 
pellet was then resuspended in 0.5ml DNA solution (Tris 
HC1 20mM, EDTA ImM). The plasmid was cut with Hindlll and 
electrophoresed in agarose gel.
■Ls.o LaiJ. qjq ol Agrobacterium Total D N A . Total
Agrobacterium DNA was isolated and analyzed as follows: 
Cells were grown in 5ml of 50% Luria-Broth at 28°C. The 
overnight culture was centrifuged and washed with T E . The 
cell pellet was vortexed and 2ml lysis buffer (TE, 1% 
SDS, pH 12.4) was added to the cell suspension. The 
mixture was agitated and placed in 37°C bath for 20 
minutes. Exactly 120(11 of 2mM Tris HC1, pH 7.0 and 200|ll
of 5M NaCl were added and the resulting mixture was 
centrifuged. The aqueous phase containing the DNA was 
saved and its DNA precipitated by the addition of 95% 
ethanol. The DNA was washed with 80% ethanol, vacuum 
dried and analyzed.
72
3.2.4 Leaf Disc Transformation and Generation of
Transgenic Plants
The overall schematic of the leaf disc transformation 
and regeneration of transgenic plants are given in Figure 
3.4. The flowchart which shows the schedule of events is 
given on Table 3.4.
Leaf Disc Transformation. The procedure developed by 
Horsch et al. (1985) was followed. Leaf discs (1cm 
diameter) were obtained from plants asceptically grown in 
magenta boxes. Leaf discs were produced by punching young 
leaves using a sterile cork borer. The explants were 
precultured for 1 or 2 days upside down on MS104 media 
[MSO, 7g/l phytagar, l.Omg/ml benzyladenine (BA) and 
0.lmg/ml napthalene acetic acid (NAA)] to stimulate 
initial growth. The MSO media consisted of 4.3g/l 
Murashige and Skoog salts and 30g/l sucrose. Explants 
were inoculated by immersing them in an overnight culture 
of A. tumefaciens for 2-10 seconds. The explants were 
then blotted dry and put upside down on nurse culture 
plates. Each nurse culture plate was prepared using MS104 
medium added with 1.5ml of tobacco suspension culture and 
covered with a piece of Whatman 3mm filter paper.
Selection. The explants were left to incubate for
two days and then transferred to MS selection media 
(MS104, 500|lg/ml carbenicillin or cefatoxime, 300|!g/ml
kanamycin) . When shoots appeared, the explants were 
transferred to MS rooting media (MSO with 0.6% agar 
500|ig/ml carbenicillin and 100|lg/ml kanamycin) . The shoots
coming out from the explants with defined stems were cut 
and placed upright in a new rooting media. Plantlets 
which developed roots after about two weeks in the rooting
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media were then transferred to sterile soil in Jiffy pots, 
and were then put inside sterile magenta boxes. After 7 
to 10 days, the lids of these magenta boxes were opened to 
acclimatize the plants. The plants were then transferred 
to 2 - 1 / 2 inch pots for two weeks, and then to 10 inch pots 
and grown in a greenhouse under standard conditions.
Nurse Cultures. Nurse cultures of tobacco cells 
(Nicotiana tabaccum var. xanthii) were used during the 
cocultivation of an explant with Agrobacterium cells to 
improve transformation efficiency. It is not yet clear 
how such cultures affect transformation but it is possible 
that substances exuded by the tobacco cells induce the 
virulence genes of Agrobacterium cells.
The original tobacco cell suspension was provided by 
Dr. Hector C. Flores (Pennsylvania State University). 
Suspension cultures were maintained in Erlenmeyer flasks 
containing 50ml of suspension culture medium (MS salts - 
4.3g/l ; sucrose - 30.0g/l, B-5 vitamins, 5ml/l and 2,4 
dichlorophenoxyacetic acid lmg/1). The cultures were kept 
at room temperature with constant agitation at 150rpm. 
The cell suspensions were maintained by subculturing 10ml 
of "filtered and washed" culture in 50ml of fresh medium 
fortnightly.
To get the 10ml starting culture, the two-week old 
suspension was first poured through a 540|1 sieve mesh
filter. This was done to remove cell clumps. The 
filtrate containing cells was then centrifuged at 4K 
rpm for 20 minutes. The supernatant was discarded and 
the cells resuspended in MSO. The resulting suspension was 
again centrifuged and the cells resuspended in MSO to wash
7 4
leaf discs
o
Agrobacterium
solution
cocultivation
plant media
1
screening for 
Kanamycin resistance
shooting media 
plus Kanamycin 
and Cefatoxin
shooting 
and rooting
V
shooting and rooting
media plus Kanamycin maturation and seed
and Cefatoxin production
Figure 3.4. Schematic of leaf disc transformation procedure. 
Discs were obtained from young tobacco leaves, submerged into 
a solution of Agrobacterium and incubated in plant media. 
The discs were screened for kanamycin resistance and grown in 
shooting and then rooting media. Plantlets were then grown 
in soil to mature and produce seeds.
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Table 3.4. Flow Chart for Tobacco Leaf Disc 
Transformation
Day Events
1
2
3
5
18-25
26-45 
As needed
Start Agrobacterium culture
Transfer Agrobacterium culture; 
cut and preculture leaf discs
Inoculate and culture leaf discs
Transfer leaf discs to selection 
medium
Divide independently transformed 
leaf discs and transfer to a new 
selection medium
Transfer shoot to rooting medium 
Transfer to soil when root appears
Source: Horsch et al., (1988).
out 2,4D. 2, 4D interferes with the hormone balance required 
for shoot regeneration from explants. The final cell 
suspension could then be used for subculturing and leaf 
disc transformation.
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3.2.5 Seed Generation and Test for Kanamycin 
Resistance Gene
Seeds were wrapped in sterile cheesecloth and 
sterilized by incubation for 2 0 minutes in 1 0 % commercial 
bleach solution with a trace of Tween (11 drops per 500ml 
solution). The seeds were washed several times with 
sterile water. The sterilized seeds were then sown in 
petri dishes containing media of the following 
composition: 4.3g/l MS salts, 0.8% agar, and lOg/li
sucrose. To determine the kanamycin resistance gene 
inheritance, the media was supplemented with 1 0 0 mg/l 
kanamycin. The seeds were allowed to grow in 
environmental growth chambers at 25°C and 3000 lux. The 
seedlings which did not carry the kanamycin resistance 
gene had white leaves and died four to eight weeks after 
culture.
3.2.6 Tobacco Plant Culture
Six-week old plantlets were transferred to magenta 
boxes containing solid media (4.3g/l MS salts, 0.8% agar 
and 10g/l sucrose. About two to five plants were grown per 
container. They were grown in the environmental growth 
chambers at 25-28°C, 3000 lux at 12-hour daylight for 6 to 
12 weeks. After developing extensive roots, the plants 
were transferred to 4-inch Jiffy pots containing Pro-Mix 
soil. The plants in Jiffy pots were then grown in a 
greenhouse at standard conditions.
Tobacco plants were grown in a greenhouse at an 
average temperature of 90°F (about 32°C). The plants were 
exposed to natural light and were watered daily and 
supplemented weekly with a 20:20:20 (N:P:K) solution.
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When the plants were at an early floral stage, brown bags 
were used to cover the tobacco flower buds to insure self- 
pollination. The flowers were kept covered for at least 
six weeks, after which ripe capsules were removed and 
further dried at 37°C.
3.2.7 Tobacco DNA Isolation
To determine the stable integration of Shiva-1 gene 
into the tobacco plant genome, tobacco leaf DNA was 
isolated and probed with 125bp Shiva-1 oligonucleotide. 
The procedure for tobacco DNA isolation is from Chen 
(1986). About 2.Og of fresh tissue was ground with liquid 
nitrogen in a mortar and pestle. The powdered tissue was 
added to 6ml urea extraction buffer (168g urea, 25ml 5M 
NaCl, 20ml 1M TrisHCl pH 8 , 16ml 0.5M EDTA pH 8 , 20ml 20% 
sarcosyl and 190ml water) . A 1:1 mixture of phenol 
chloroform was added into the mixture and the two phases 
were agitated vigorously. The mixture was then centrifuged 
at 8K for 10 minutes at 4°C. The supernatant was removed 
and for every 6ml of the liquid, 1ml 4.4M NH 4 CH3 COO, (pH 
5.2), and 6ml of isopropanol were added. The DNA was 
pelleted by centrifugation for 3 minutes using a minifuge. 
The DNA was washed with 80% ethanol, vacuum dried and then 
dissolved in TE buffer.
3.2.8 Tobacco Wound Induction
Tobacco plants were tested for inducibility using a 
modified version of the method used by Sanchez-Serrano et 
al . (1987) . Tobacco plants about 60-80cm long were
wounded on one leaf by two consecutively applied dialysis 
clamps. RNA was isolated from the leaves of the wounded 
plant 24 hours after the clamps were attached.
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3.2.9 Tobacco RNA Isolation
Total RNA Isolation ■ Total RNA was isolated from
leaf tissues using the protocol of Logemann et al. (1987). 
In this method, tissues were frozen in liquid nitrogen and 
ground using mortar and pestle. The extract was 
homogenized further by the addition of 2 volumes of 
guanidine buffer. The guanidine buffer is 8M guanidine 
hydrochloride, 20mM 4 morpholine ethanesulfonic acid 
(MES), 20mM EDTA and 5QmM (i-mercaptoethanol at pH 7.0.
The guanidine hydrochloride extract was centrifuged 
at 4°C, 10K rpm for 10 minutes. The supernatant was added 
to 0 .2 - 1 . 0 volume of phenol/chloroform/isoamyl alcohol 
(25:24:1, V:V:V) mixture. The phenol mixture was 
previously equilibrated with 2M TrisHCl, pH 8.0. After 
extraction, the mixture was centrifuged for 45 minutes at 
10K rpm at room temperature to separate the phases.
The aqueous phase was collected and added to 
precooled 0.7 volume of ethanol and 0.2 volume of 1M 
acetic acid. This was done to precipitate the RNA while 
leaving the DNA and whatever residual protein in the 
supernatant. To improve RNA precipitation, the mixture was 
incubated overnight at -20°C or 1 hour at -70°C.
The precipitated RNA was pelleted at 10K rpm for 10 
minutes and washed twice with 3M sodium acetate (pH 5.2) 
at room temperature. The salt was removed by a final wash 
using 70% ethanol. The RNA pellet was vacuum dried and 
then dissolved in double distilled deionized water.
PolyA RNA Isolation. polyA RNA was isolated using
the commercially available Fast Track Kit (Invitrogen) .
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The total RNA solution was adjusted to a final 
concentration of 0. 5M NaCl. This solution was added to 
the pre-equilibrated oligodT cellulose. The mixture was 
put in a shaker at 50rpm for 40 to 60 minutes. The
mixture was then pelleted at room temperature at lOOOg,
and the supernatant discarded. The mixture was resuspended
in the kit-supplied binding buffer and pelleted by 
centrifugation at lOOOg. This process was repeated until 
the buffer was clear.
The washed oligodT cellulose was added to a kit 
supplied disposable column and washing was continued using 
the binding buffer until the O.D. at 320nm of the eluate 
was less than 0.06. The polyA RNA was eluted with the kit 
elution buffer in 0.3 to 0.5ml fractions. The RNA eluted 
in fractions 1 to 4. The RNA fractions were pooled and 
precipitated with 0. 1 volume of 2M sodium acetate and 2 
volumes of absolute ethanol. The polyA RNA pellet was
washed using 80% precooled ethanol solution and vacuum 
dried. The dried pellet was dissolved in double distilled 
deionized water just before use.
3.2.10 DNA and RNA Analyses
Southern Blot. Southern analyses were done to check 
the stable integration of Shiva-1 DNA into Agrobacterium 
tumefaciens and the plant genomes. The specific steps 
were based on the recommendations of BioRad for the 
membrane Duralon.
The DNA samples were cut with Hindlll. For 
Agrobacterium DNA, 10 units of Hindlll were used for every 
4|J.g DNA, and for plant genomic DNA, 10 units of Hindlll
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were used for every 2fig of DNA. After digestion, the DNA 
fragments were electrophoresed on 1.0 to 1.5% agarose gel.
The gel was then denatured in a solution containing 
1.5M NaCl and 0.5M NaOH for 30 minutes. After 
denaturation, the gel was neutralized in a solution with 
1. 5M NaCl and 0. 5M TrisHCl (pH 8.0). The gel was soaked 
for 5 minutes in 10X SSC before transfer to the membrane. 
10X SSC was prepared according to Maniatis et al. (1982). 
Transfer of DNA into membrane was by traditional capillary 
blotting.
After the transfer, the membrane was baked under 
vacuum at 80°C for 2 hours. The membrane was prehybridized 
for 2 hours at 42°C in a solution which contains 10% 
dextran sulfate, 50% deionized formamide, 1% SDS, 0.9M 
NaCl and 200|lg/ml denatured sonicated salmon sperm DNA.
The amount of prehybridization solution was 0.25ml/cm2 of 
the membrane. The prehybridization solution was poured 
off and the fresh hybridization solution was added to the 
blot. The composition of the hybridization solution is 
the same as that of the pre-hybridization solution. The 
volume used was 0.5ml/cm2 of the membrane. The probe was 
radioactively labelled 125bp Shiva-1 DNA present at 1 to 
5x10® cpm/ml of hybridization solution. Hybridization was 
carried out at 42°C for 12 to 18 hours with constant 
agitation.
The blot was washed initially for 10 minutes at room 
temperature with a solution containing IX SSC and 0.1% 
SDS. The second washing was done at 55°C with a solution 
of IX SSC and 0.1% SDS. The radioactivity in the blot was 
monitored carefully after 5 minutes to determine how much
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longer the blot must be washed. The blot was dried and 
exposed for autoradiographic purposes.
RNA Gel Electrophoresis. The formaldehyde containing 
RNA gels were prepared according to Maniatis et a l . 
(1982). The gel was prepared by melting agarose in water 
(3.0%), cooling to 60°C and adding 5X gel buffer and 
formaldehyde to give IX and 2. 2M final concentrations 
respectively. 5X gel buffer consisted of 0.2M morpholine- 
propanesulfonic acid (MOPS), pH 7.0, 50mM sodium acetate 
and 5mM EDTA (pH 8.0).
The RNA samples were prepared by mixing RNA (up to 
20jlg) - 4.5|ll, 5X gel buffer - 2.0fll, formaldehyde - 
3.5|ll, and formamide - 10.0(11. The mixture was incubated 
at 55°C for 15 minutes. 2(11 of loading buffer (50% 
glycerol, ImM EDTA, 0.4% bromophenol blue, 0.4% xylene 
cyanol) was added to the RNA mixture before it was loaded 
on the gel. The RNAs on the gel were electrophoresed at a 
constant voltage of 50V.
Northern BJ.Pt • After electrophoresis, the RNA gel
was soaked in several changes of water for 5 minutes. The 
gel was then soaked in an excess of a solution containing 
50mM NaOH and lOmM NaCl for 45 minutes at room 
temperature. After alkali denaturation, the gel was 
neutralized by soaking in 0. 1M TrisHCl (pH 7.5) for 45 
minutes at room temperature. The gel was then soaked in 
20X SSC for 1 hour.
The RNA was transferred to a solid support (Duralon) 
by the traditional capillary method using 10X SSC buffer. 
After the transfer, the membrane was baked under vacuum at 
80°C. The membrane was prehybridized using 0.2ml of
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prehybridization fluid per cm2 of membrane for about 1 
hour at 42°C with constant agitation. The prehybridization 
buffer contains 50% deionized formamide, 10% dextran 
sulfate, 1% SDS, 1M sodium chloride and 100|lg/ml denatured
sonicated salmon sperm DNA. The hybridization mixture was 
the same as the prehybridization solution. In the 
hybridization, the probe used was the radioactively- 
labelled 125bp Shiva-1 DNA with at least 5xl05 cpm/ml. 
Hybridization was done overnight at 42°C.
Washing after hybridization was carried out in two 
steps. First, the membrane was washed for 15 minutes with 
a solution containing 2X SSC and 0.1% SDS to remove the 
unbound probe and the hybridization solution. The second 
washing was with a solution containing 0. IX SSC and 0.1% 
SDS at 58°C for at least 5 minutes. The radioactivity in 
the membrane was monitored closely to see if additional 
washing(s) must be done.
Finally, the membrane was put on top of a Whatman 
paper until it became a bit damp and exposed for 
autoradiographic analyses.
Radioactive Labelling of DNA Probes. DNA probes were 
made radioactive by nick translation or random priming. In 
both cases, commercially available reaction kits were 
used.
In nick translation, the following reaction mixture 
was used: 5|ll of solution containing dATP, dGTP and dTTP, 
l|lg of DNA, 10(11 of a 32P dCTP (3000 Ci/mmole) , and enough
double distilled deionized water to bring the volume up to 
45(11. 5(11 of BRL kit supplied DNA polymerase/DNAsel
mixture was added. The reaction mixture was incubated at
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15°C for 1 hour. The reaction was terminated by adding 2(11 
of 0.5M EDTA.
In the random priming method, the procedure used is 
described as follows: First, the DNA was denatured by
heating for 10 minutes at 95°C and then chilling on ice. 
The reaction mixture consisted of 25ng of denatured DNA, 
5|ll of combined dATP, dGTP, dTTP, random hexanucleotides 
in 10X reaction buffer, 50|lCi of a32p dCTP and enough 
water to adjust the volume to 19(11. 2 units of Klenow
enzyme were added last. The reaction mixture was 
incubated for 30 minutes at 37°C. The reaction was 
stopped by the addition of 2(11 of 0.2M EDTA.
Unincorporated radioactive dNTPs were removed using a 
Sephadex G-50 column.
3.2.11 Protein Extraction and Fluorimetric GUS 
Assay
The procedure established by Jefferson (1987) was 
strictly followed. Tobacco leaves were homogenized in GUS 
extraction buffer (50mM sodium phosphate, pH 7.0, lOmM P~
mercapto-ethanol, lOmM EDTA, 0.1% sodium lauryl sacrosine,
0.1% Triton X-100) using a French press or by grinding. 
1-50(11 of extract was added to 500|ll of GUS assay buffer 
(GUS extraction buffer with ImM methyl-umbelliferyl P~D- 
glucuronide) . At regular intervals, 100|ll aliquots of the 
mixture were removed and each aliquot was added to 900(11 
stop buffer (0.2M N a 2 CC>3 solution) . The methyl 
umbelliferone (MU) concentration was determined using 
Spectrofluorometer excitation at 365 nm, emission at 455 
nm (DNA Fluorometer Model TKO 100, Hoefer Scientific 
Instruments). Total protein concentration was determined
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by the BioRad Protein Assay Kit. The method was as 
described in Section 2.2.7.
3.2.12 Western Blot
The total protein was extracted from tobacco leaf 
tissue with 80mM TrisHCl, pH 6 .8 , 2% SDS, 10% glycerol and 
separated on 13% denaturing polyacrylamide gels by gel 
electrophoresis. The proteins were s u bsequently 
transferred to Immobilon-P membrane (Millipore) using a 
Hoefer Trans-vac semi-dry transfer system. The membrane 
was incubated with antiserum raised against Shiva-1 
peptide according to Gershoni and Palade (1986) . 
Detection of immunoreactive protein was carried out using 
alkaline phosphatase coupled to antirabbit IgG offering 5- 
bromo-4-chloro-3-indolyl-phosphate as a substrate.
3.2.13 Bacterial Challenge
R1 tobacco plants of uniform age and which were about 
4 to 5 inches tall were used for this test. These plants 
were grown from the seeds of mother transgenic plants and 
screened for resistance to the antibiotic kanamycin. The 
stem of each plant was pricked three-fourths down through 
the diameter at an angle of 45° using a dissecting needle. 
The needle was introduced into the upper basal region of 
the third leaf (from the bottom of the plant) . 50J11 of an
overnight culture of Pseudomonas solenacearum (O.D.= 
1.0) was then introduced into the wound. About 40 plants 
each of the control and Shiva-1 transgenic plants were 
inoculated. Control plants were the progeny of Ro plants 
transformed with LBA4404 - pBI121.
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The progress of the infection was n o t e d  and
disease severity comparison was made by assigning 
numerical equivalents (scores) to the symptoms exhibited 
by plants.
The scoring system used was as follows:
0 — healthy
2 - localized necrosis
4 - necrosis greater than 1cm from inoculation
6 - epinasty (curling) of lower leaves
8 - wilting of most parts of the plant
10 - plant is dead
Scores were taken at regular intervals in the course 
of one month following plant infection. Figure 3.5 shows 
r e p r e s e n t a t i v e  p lants e x h i b i t i n g  the symptoms 
corresponding to the different scores given.
3.2.14 DNA Isolation from E. coli
Large Scale DNA Isolation. 10ml of LB medium 
containing the appropriate antibiotic was inoculated with 
a single bacterial colony. The inoculated media was 
incubated at 37°C, 300rpm for 12 to 18 hours. 0.10ml of 
the overnight culture was added to 25ml fresh LB medium 
with the antibiotic. This mixture was incubated at 37°C, 
300rpm for 4 to 6 hours and then added into 1 liter of 
fresh LB medium. The culture was incubated until its O.D. 
at 600nm was from 0.40 to 0.50. When the desired O.D. was 
obtained, 5ml of chloramphenicol solution (34mg/ml in 
ethanol) was added. Amplification by chloramphenicol was 
done to E. coli containing ColEl replicons only. The
Figure 3.5. Scores for the disease severity of tobacco 
plants infected with Pseudomonas solenacearum. Top: left
0=healthy; center 2=localized necrosis; right 4=necrosis 
more than 1cm from inoculation site; Bottom: left
6=curling of inner leaves; center 8=curling and wilting of 
plant; right 1 0 =plant is dead.
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culture was allowed to incubate at 37°C, 300rpm for 
another 12 to 16 hours.
The bacterial cells were harvested by centrifugation 
at 6K rpm for 10 minutes at 4°C. The cell pellet was 
resuspended in 20ml of Solution I containing 5mg/ml 
lysozyme. Solution I consisted of 50mM glucose, 25mM 
TrisHCl (pH 8.0) and lOmM EDTA. After a 5 minute 
incubation at room temperature, 40ml of Solution II was 
added to the mixture. Solution II consisted of 0.20N NaOH 
and 1% SDS. The mixture was mixed■thoroughly and allowed 
to stand on ice for 10 minutes. 30ml of potassium acetate 
solution, pH 6.0, was then added. The potassium acetate 
solution was 5M with respect to acetate and 3M with 
respect to potassium. The mixture was agitated and 
allowed to stand on ice for 30 minutes to 1 hour. The 
mixture was then centrifuged at 8K rpm for 20 minutes at 
4°C. The supernatant was obtained and the DNA precipitated 
by the addition of 0 . 6  volumes of isopropanol, standing 
the resulting mixture for 15 minutes and centrifugation at 
9K rpm. The pellet was then dissolved in DNA buffer (lOmM 
TrisHCl, pH 8.0, ImM EDTA) and the plasmid purified by 
Cesium chloride centrifugation (Maniatis et al. 1982).
Miniscreening. The procedure used is a modification 
of the method of Birnboim and Doly (1979) . In this 
protocol, 5ml of LB medium with antibiotic was inoculated 
with a single bacterial colony and inoculum incubated at 
37°C, 300rpm overnight. 1.5ml of the overnight culture 
was poured into an eppendorf tube and centrifuged for 1 
minute to pellet the cells. The cells were resuspended in 
100(11 of Solution I with 5mg/ml lysozyme and incubated for
5 minutes at room temperature. 200ml of Solution II was 
added and the tube with the mixture was inverted for rapid
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mixing. The tube was stored on ice for 5 minutes. 150(il
of Solution III was added to the mixture and the sample 
was further incubated on ice for 10 minutes. The mixture 
was centrifuged at 4°C for 5 minutes and t h e .supernatant 
was transferred to a fresh tube. An equal volume of 
phenol/chloroform was added to the supernatant and the 
mixture was vortexed and centrifuged for 2 minutes. The
aqueous layer was obtained and the DNA was precipitated by
adding two volumes of ethanol at room temperature,
incubating for 5 minutes and centrifuging for 5 minutes. 
The salts were removed from the precipitated DNA by 
washing with 70% ethanol. The DNA was vacuum dried and 
redissolved in DNA buffer.
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3.3 Results and Discussion
3.3.1 Cloning of Shiva-1 into the Intermediate 
Vector pMON530
The resulting plasmid pMON530 Shiva-1 has the intact 
Shiva-1 DNA with EcoRI and Bglll sites. Plasmid pMON530 
Shiva-1 was used for amplification of the Shiva-1 gene. 
Digestion with restriction endonucleases EcoRI and Bglll 
confirmed that the insert is of the correct size (See 
Figure 3.6).
1 2 3 4 5
Figure 3.6. Gel showing the presence of 125bp EcoRI - 
Bglll fragment of Shiva-1 from pMON530 Shiva-1. The
plasmids were cut with Bglll and then EcoRI. 2|lg of cut 
plasmid were used per lane in 1 .0 % low melting agarose. 
Lanes 1,2 - pMON530 only; lanes 3,4 - pMON530 Shiva-1,•
lane 5 - 123bp ladder.
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3.3.2 Cloning of Shiva-1 into the Vector pBI121 and 
Transformation into Agrobacterium tumefaciens 
LBA4 4 04
Of the 96 colonies obtained from the transformation 
of E. coli HB101 by the plasmid pBI121 WI-Shiva-1, 21 
showed positive for the desired insert. Surprisingly, 
all 21 showed the insert in Orientation II. Such 
orientation bias is not expected especially since the 
potato wound inducible promoter is not recognized by 
prokaryotic transcription machinery. When other Hindlll 
fragments (e.g., phage 22 lysozyne gene) were cloned into 
the same site, three fragments were shown to be inserted 
in two orientations.
To show that the insert is stable in Agrobacterium, 
total Agrobacterium DNA was isolated and subjected to 
Southern hybridization. The 125bp EcoRI Bglll fragment of 
Shiva-1 DNA was used as a probe. The results are shown in 
Figure 3.7.
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Figure 3.7. Southern blot of Agrobacterium tumefaciens 
LBA4404 transformed with pBI121 WIShiva-1. E. coli plasmid 
and Agrobacterium genomic DNAs were cut with Hindlll and 
the 125bp Shiva-1 DNA was used as a probe. The fragment 
containing Shiva-1 is expected to be 1.7Kb long. Lane 1 - 
1Kb Ladder DNA size marker, (0.2|lg); Lane 2 - 1Kb Ladder 
DNA size marker, (0.02|lg); Lane 3 - pBI121
plasmid, (0 .02|lg) ; Lane 4 - pBI121 WIShiva-1 , (0.02|lg); 
Lane 5 - LBA4404, (20flg total DNA); Lane 6 - pRK2013
plasmid, (0.2|lg); Lane 7 - LBA4404 transformed with pBI121, 
(20\Xg total DNA); Lane 8 - LBA4404 transformed with
pBI121, (2|ig total DNA) ; Lane 9 - LBA4404 transformed with
pBI 121 WIShiva-1, (20|lg total DNA); Lane 10 - LBA4404 
transformed with pBI121 WIShiva-1, (2\ig total DNA) .
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Because a small binary intermediate vector was used, 
it was possible to isolate this plasmid vector to simplify 
verification of exconjugants as well as to check the 
stability of the vector in Agrobacterium. Although this 
process of verification requires less time, it gives low 
plasmid DNA yield and often the DNA obtained is impure. 
The gel containing the digested DNA from a transformed A. 
tumefaciens is shown in Figure 3.8.
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Figure 3.8. DNA gel confirming the presence of the 
plasmid pBI12l WIShiva-1 in the transformed A . 
t u m e f a c i e n s . Plasmid pBI121 or pBI121 WIShiva-1 was 
isolated from transformed A. tumefaciens LBA4404 and cut 
with either EcoRV or Hindlll. Digestion of pBI121 WlShiva- 
1 with EcoRV produces a 3.5Kb fragment while digestion 
with Hindlll produces a 1.7Kb fragment. 2|ig of DNA were 
loaded in each lane. Lane 1 - pBI121 from E. coli cut with 
EcoRV; Lane 2 - pBI121 from A. tumefaciens cut with EcoRV; 
Lane 3 - pBI121 WIShiva-1 from E. coli cut with EcoRV; 
Lane 4 - pBI121 WIShiva-1 from A. tumefaciens cut with 
EcoRV; Lane 5 - 1Kb size marker; Lane 6 - pBI121 from E. 
coli cut with Hindlll ; Lane 7 - pBI121 from A.
tumefaciens cut with Hindlll; Lane 8 - pBI121 WIShiva-1 
from E . coli cut with Hindlll; Lane 9 - pBI121 WIShiva-1 
from A. tumefaciens cut with Hindlll.
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3.3.3 Leaf Disc Transformation
Three Agrobacterium tumefaciens strains were used to 
determine which one could give the highest number of 
shoots able to regenerate into physiologically normal 
plants. GV3111SE containing pMON200 and its derivatives 
produced from 3 to 8 shoots per 1cm diameter leaf disc. 
LBA4404 with pBI121 and its derivatives also gave about 3 
to 8 shoots per disc. These shoots regenerated to become 
healthy plants. A281 strain which contains the 
supervirulent Ti plasmid and either pBI121 or pMON 
intermediate vectors produced from 8 to 2 0 shoots per 
disc. However, most of these shoots regenerated into 
physiologically abnormal plants. Most of these plants 
either had stunted growth and/or small and very slender 
leaves.
It should be noted that the supervirulent plasmid of 
A281 is not disarmed. An et a l . (1985) claimed that
disarming is not always necessary as the cotransfer of 
binary sequences and the T-DNA oncogenic loci is not 
always a frequent event. The results of these experiments 
show however, that at least for tobacco transformation, 
the two sequences are frequently cotransferred. The 
abnormal growth of the plantlets indicate that the T-DNA 
which contains cytokinin and auxin genes is present in the 
transformed plants. The overproduction of the plant 
hormones cytokinin and auxin leads to the plantlet 
aberrant growth pattern. The different stages in plant 
regeneration are shown in Figures 3.9 and 3.10. The shoots 
and calli produced in the transformation of tobacco leaf 
disc are shown in Figure 3.11.
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Figure 3.9. Leaf disc transformation. Top, tobacco leaf 
discs transformed with A. tumefaciens LBA4404/pBI121 WlShiva- 
1 grown in medium containing kanamycin, showing shoots after 
three weeks of cocultivation. Bottom, individual shoots were 
removed from the leaf discs and transferred to rooting 
medium.
Figure 3.10. Leaf disc transformation. Top, transgenic 
tobacco plant two months after it was taken from rooting 
medium and grown in soil. Bottom, mature transgenic plant in 
its early floral stage.
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Figure 3.11. Comparison of the transformation efficiency 
of the A . tumefaciens strains - LBA4404, GV3111SE and 
A281. A281 led to proliferation of calli and gave shoots 
which developed into physiologically abnormal plants. Top, 
leaf discs two weeks after inoculation with different 
strains of A. tumefaciens. Bottom, leaf discs four weeks 
after inoculation with different strains of A. 
tumefaciens. (A-LBA4 4 04; B-GV3111SE; C-A281)
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3.3.4 DNA Analyses
Mother (Ro) plants. Southern blot was done to check 
the integrity of the transferred DNA segment. Using the 
125bp Shiva-1 DNA as a probe, no hybridization was 
observed with the DNA extracted from either untransformed 
plants or plants transformed with LBA4404/pBI121 (See 
Figure 3.12). Multiple bands with or without the expected 
1.7Kb Hindlll Shiva-1 containing fragment were observed in 
most samples (data not shown) . The occurrence of these 
bands may indicate multiple integration of the foreign 
gene in several loci in one chromosome or in different 
chromosomes with a) rearrangement of the T-DNA and/or b) 
methylation of DNA sequences, especially those in the 
Hindlll site of the T-DNA.
Each of these transgenic mother plants (Ro) is a 
product of an independent transformation. The integrated 
T-DNAs may differ in terms of the site of integration, 
copy number and modifications (such as gene rearrangement, 
deletion, tandemerization occurring prior to integration 
or methylation) . Plants displaying the intact non­
rearranged gene pattern were chosen to produce progeny 
(Rl) for subsequent tests.
Interestingly, some putative 'transformed' plants 
were able to grow in kanamycin but their DNAs did not 
hybridize to Shiva-1. One possible reason could be that 
kanamycin is not a perfect herbicide, and shoots can 
continue to grow in its presence once they are large 
enough. Other reasons for the apparent escapes are not 
clear but may include loss of expression or loss of DNA 
during development, or incomplete selection due to cross 
protection of wild type cells by transformed cells nearby.
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Figure 3.12. Southern blot of transgenic (Ro) tobacco 
DNAs. These mother plants were used for further analyses,
i.e. inheritance of the T-DNA and expression studies of 
their respective first generation (Rl) progeny plants. 
The genomic DNAs were isolated from leaves and cut with 
Hindlll. The 125 bp Shiva-1 DNA was used as a probe. Lane 
1 - plasmid pBI121 WIShiva-1 cut with Hindlll (2.5 ng) ; 
Lane 2 - untransformed tobacco DNA; Lane 3 - tobacco DNA 
transformed with LBA4404/pBI121; Lanes 4-7 tobacco DNA 
transformed with LBA4404/pBI121 WIShiva-1. Lanes 4 - 7  
were loaded with DNAs from plant 3, 4, 30, and 40
respectively. 50|lg of total DNA per sample were loaded in 
lanes 2-6. Densitometric tracing indicated the presence of 
single copy Shiva-1 gene in each of the plants transformed 
with pBI121 WIShiva-1.
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It is also possible that these plants carry only the 
kanamycin resistance gene but not the Shiva-1 gene which 
might have been lost prior to T-DNA integration into the 
plant genome.
A distinct 1.7Kb Hindlll band appeared in at least 
four samples (see Figure 3.12). The 1.7Kb band 
corresponds to the expected Hindlll fragment containing 
the chimeric Shiva-1 gene. The DNAs from these plants 
were also cut with Xhol, a restriction enzyme which lacks 
a recognition sequence in the plasmid pBI121 WIShiva-1. 
This enzyme will therefore cut indigenous tobacco DNA and 
differences in length of the Xhol cut DNA band hybridizing 
to the Shiva-1 probe may indicate differences in the site 
of foreign gene integration. (See Figure 3.13).
Frogeny(R1) p l a n t s . The DNAs of first generation 
progeny (Rl) plants from the self-fertilized transformed 
parents #3, #4, and #30 were also analyzed. These Rl
plants were previously screened using kanamycin and only 
those carrying the kanamycin resistance gene were used. 
All the Rl showed a distinct 1.7Kb Hindlll fragment 
hybridizing to 125bp Shiva-1 DNA (see Figure 3.14a). 
Likewise, all of the Rl showed a 15Kb Xhol band which 
hybridized to the Shiva-1 gene (see Figure 3.14b). This 
indicates that the integrated foreign gene is inherited 
stably.
Figure 3.13. Southern blot of transgenic (Ro) tobacco 
DNAs. The genomic DNAs were isolated from leaves and cut 
with Xhol. The enzyme Xhol does not have any restriction 
site in pBI121 WIShiva-1. The 125bp Shiva-1 DNA was used 
as a probe. Lane 1 - Ro #3 DNA; Lane 2 - Ro #4 DNA; Lane 
5 - control, DNA from tobacco plant transformed with 
LBA44 04/pBI121; Lane 3 - Ro #4 DNA; Lane 4 - Ro #40 DNA;
Lanes 6 - DNA size marker. 50|lg of total DNA per sample 
were loaded in lanes 1-5.
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Figure 3.14 top and bottom. Southern blots of tobacco first 
generation (Rl) progeny plant DNAs. These plants were grown 
from the seeds of plant #3 which had been self-crossed. The 
DNAs were isolated from leaves and were digested with either 
Hindlll (top blot) or Xhol (bottom blot). The 125bp Shiva-1 
DNA was used as a probe. The uniform size of bands 
hybridizing with the probe indicates stable inheritance of 
the Shiva-1 gene. 50jag of total DNA per sample were used. 
Each number above the blots refers to the individual 
transformed progeny plant used. CU - DNA from untransformed 
tobacco plant; CT - DNA from tobacco plant transformed with 
LBA4404/pBI121; SM - DNA size marker in Kbp.
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It has been established that the integrated T-DNA is 
passed on as a dominant Mendelian trait (Otten et al., 
1981) . There are reports however of occasional loss of 
transformed phenotype during meiotic propagation which may 
be due to the deletion or inactivation of the foreign gene 
(Budar 1986; Czernilofsky et al., 1986).
3.3.5 Kanamycin Resistance Gene Segregation Test
Table 3.5 below summarizes the test for kanamycin 
resistance gene segregation. Several plants were tested 
and the representative ones are given here.
Table 3.5. Kanamycin Resistance Gene Segregation Test
Number of Rl seedlings
Ro plant KnR KnS KnR/KnS
#3 314 102 3 :1
#4 282 99 3:1
#30 2 62 94 3 : 1
#12 301 22 15:1
#19 209 1 209: 1
pBI121 
(Control)
103 35 3:1
Legend: KnR - kanamycin-resistant
KnS - kanamycin-sensitive
For Ro plants carrying a single copy kanamycin 
resistance gene, the expected ratio of resistant to 
sensitive first-generation progeny plants is 3:1. This 
3:1 ratio was observed for Ro plants #3, #4, #30 and
control which was transformed with A. tumefaciens 
LBA4 4 04/pB1121.
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Some Ro plants like plant #12 showed a 15:1 
segregation ratio, indicating the presence of a two copy 
kanamycin resistance gene segregating in a dominant 
fashion. Other plants had a higher than 15:1 ratio (e. 
g.f plant #19), suggesting that at least 3 copies of the 
kanamycin resistance gene are present per genome.
The genes for kanamycin resistance and Shiva-1 are 
likely to be cotransferred in the plant's genome because 
of their proximity. This will then suggest that plants 
containing a copy of kanamycin resistance gene will 
probably also have a single copy of Shiva-1 gene. 
Kanamycin-resistant and kanamycin-sensitive seedlings are 
shown in Figure 3.15.
Figure 3.15. Kanamycin resistance gene segregation test. 
Seeds obtained from self-crossed Ro plants were grown in 
plant medium containing 100^lg/ml kanamycin. Seedlings 
lacking the kanamycin resistance gene turned white three 
weeks after sowing and died shortly thereafter.
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3.3.6 GUS Assay
The unit GUS activity of mother plants Shiva-1 #3, #4 
and #30 was measured as pmole 4-methylumbelliferone/mg 
protein-minute produced with an excess 4-methyl 
umbelliferyl glucoronide. The GUS activities obtained 
were:
Table 3.6. GUS Activity of Shiva-1 Ro Transgenic
Plants
Ro Plant GUS Activity
plant # 3 18,550 U
plant # 30 12,220 U
plant # 4 8,430 U
The values are the reported average of at least three 
determinations. These values compare favorably to those 
obtained by Keil et al. (1986) . The differences in the 
values between plants may be due to position effects of 
the gene, i. e. the effects of surrounding DNA sequences 
or chromatin structure. Some sequences may help enhance 
transcription while others may modulate transcription 
negatively.
It is also possible that the differences in GUS 
activity may be due to inherent variation in leaf 
sampling. This is especially so because of the high 
stability of the GUS protein. Thus, leaf samples which 
differ slightly in age and position in plants gave 
different amounts of accumulated proteins. It was 
observed that some samples from an individual plant show 
from five to tenfold variation in GUS activity.
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The GUS activities of transgenic Rl plants are 
summarized below:
Table 3.7a. GUS Activity of Shiva-1 Transgenic Plants
Ro = #3 Ro = #4 Ro = #30
Rl GUS Rl GUS Rl GUS
number Activity number Activity number Activity
1 + 13 + 25 +++
2 + 14 + 26 ++
3 ++ 15 + 27 ++
4 +++ 16 + 28 +
5 + 17 + 29 +
6 + 18 + 30 +
7 +++ 19 ++ 31 +
8 + 20 + 32 +
9 + 21 ++ 33 +++
10 + 22 ++ 34 +++
11 + 35 +
12 +
Table 3.7b. GUS Activity of Plants Transformed with 
A. tumefaciens LBA4404
RO = Control
Rl Number GUS Activity
A 0
B 0
C 0
D 0
E 0
Legend: 0
+
++
+++
< 400 U 
500 - 3,000 U
4.000 - 7,000 U
8.000 -12,000 U
Ro : mother plant
Rl : progeny plant
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Each GUS activity reported here represents the 
average of three samples per plant taken at one time. The 
reported activities, at best, should be taken as relative 
expressions of GUS, as variability is high.
The plants used were previously screened for 
kanamycin resistance, hence only those containing the T- 
DNA which includes the GUS gene were used. Since the GUS 
gene is inherited as a dominant Mendelian trait, it is 
expected to be passed on a 2:1 heterozygous:homozygous 
ratio in the first generation progeny plants. The 
homozygous plants are expected to express GUS gene at a 
level higher than the heterozygous o nes. The number of 
plants with at least 4,000 U GUS activity are as follows: 
#3 (3 plants out of 12), #4 (3 plants out of 9) and #30 (5 
plants out of 11) .
3.3.7 RNA Analyses
The expression of the chimeric Shiva-1 gene was 
tested at the RNA level to determine if the gene is 
properly recognized by the plant's transcription 
machinery. The expected mRNA length is about 340b plus 
the polyA stretch. This RNA includes 30 nucleotides 
upstream of Shiva-1 gene (starting from the transcription 
start site), the 125 nucleotides which correspond to the 
original Shiva-1 DNA, and about 190 bases downstream of 
Shiva-1. A partial sequence of the potato wound inducible 
gene 5' and 3' sequences used in this experiment is given 
in Figure 3.18.
The results of the Northern blot analyses using 
tobacco total RNA are given in Figure 3.16. The band which 
hybridized to 125bp Shiva-1 DNA probe is about 400
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nucleotides corresponding to the expected size of the 
Shiva-1 messenger RNA.
Variations in the level of mRNA were detected between 
progenies of one mother plant and those of another. In 
particular, progenies of the Ro #40 showed a lower level 
of Shiva-1 RNA compared to the progenies of Ro #3 and RO 
#30, as seen in the Northern blots (see Figure 3.16) . 
Progenies of Ro #3 and Ro #30 appeared to exhibit equal 
Shiva-1 gene expression levels. Differences in the 
expression level may be attributed to the following:
a) position effects - the integration site is affected 
and related to chromatin structure and to the location of 
plant endogenous promoter or enhancer sequences near the 
integration site. Some sequences may enhance
transcription of the inserted gene while others may work 
against i t .
b) DNA methylation - wild type T-DNA is subject to 
methylation and methylation of regulatory sequences may 
cause partial or full gene inactivation. DNA methylation 
in plants has been reported and is shown to be inversely 
correlated to gene expression (Amasino et al., 1984; Van 
Slogteren et al., 1984).
c) copy number - genes with high copy number are 
expected to give relatively high levels of expression. It 
should be noted, though, that the effect of copy number 
varies from system to system. In fact, there are studies 
which showed no correlation between copy number and gene 
expression. In this particular experiment, the copy 
number of Shiva-1 gene in the mother plants is believed to 
be the same, i. e. equal to one.
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The intensity of the RNA bands hybridizing to Shiva-1 
among progenies of the same mother plants shows from two- 
to fourfold variation. Progeny plants heterozygous with 
respect to Shiva-1 gene are expected to show a higher 
level of expression than the homozygous ones.
It seems very attractive to correlate the expression 
of GUS gene to that of the Shiva-1 gene. Unfortunately, 
such correlation may prove futile, as the GUS tests yield 
variable results. For instance, consider the progenies of 
Ro #3 - plants 3, 4, and 7 showed high expression for GUS 
but not for Shiva-1 gene. Conversely, plants 9, 10 and 11 
showed high Shiva-1 gene expression but low GUS level. 
For the progenies of Ro #30, only plant 34 consistently 
showed high GUS and Shiva-1 expression. Such anomalies 
may be due to plant sampling errors encountered for GUS 
assays and which was discussed in Section 3.3.5. At any 
rate, there are reports which show that the expression of 
physically linked genes cotransferred in a plant's genome 
can vary independently (Jones et a l ., 1985, Nagy et al.,
1985).
PolyA RNAs purified from several total RNA samples 
also hybridized with the 125bp Shiva-1 DNA probe (see 
Figure 3.17). This indicates that the Shiva-1 gene in the 
transformed plants is being recognized by the plant's 
transcription machinery and is capable of producing mRNA.
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Figure 3.16. Northern blots of total RNA isolated from 
transgenic progeny plants, the RNAs were obtained from 
tobacco leaves after wound induction. 40|ig per sample of 
total RNA were loaded in each gel, run on a formaldehyde 
containing gel and then transferred to Duralon. The probe 
used was the 125bp Shiva-1 DNA. The numbers above the blot 
refer to the individual progeny plants, the control plants 
used were transformed with LBA4404/pBI121 and designated as 
Cl to C 5 .
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Figure 3.17. Northern blot of polyA RNA obtained from total 
RNA of transgenic progeny plants. The polyA RNA was isolated 
using a FastTrack oligodT cellulose kit. The RNAs were 
loaded on a formaldehyde containing agarose gel and was 
transferred to Duralon. The probe used was the 125bp Shiva-1 
DNA. The numbers above the blot refer to progeny plant 
source of polyA RNA. Different amounts of RNAs were used: 
#2 8 - 10|ig; #27 - 20|ig; # 1 1 - 15|ig; #10 - lOjig; #9 - 4\ig; 
#17 - 10|lg.
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GAAGCAAGCG TAAGTACCTT GCCAAAATAA TTAACTAACA AGCACATCTT TTTTTTTTTA TC A A A T A TTA 
ATAAAAATAA TTTATATTAA TATGAAGAAA AAAAAGGTTT TAGTTTGCTA TCTTTTTGAT CACTCGTTTG 
CJ&1MATAG GTGGAGGAGG ACAGACACTC TTCACCCCAA AATTAAAAGA AAAAGACGCAGT *AGATACC ATGCCGCGC
transcription start site * Shiva-1 sequence*
CTG GTTGGCGAC GCCCGCGCA GTTGGTTGA GAATT* ACCCTGCAATGT GACCCTAGAC TTGTTCCATCT
TCTGGATTCG CCAACTTAAT TAATGTATGA AATAAAAGGA TGCACACATA GTGACATGCT AATCACTATA
ATGTGGGCAT CAAAGTTGTC TGTTATGTGT AATTACTAAT TATCTGAATAA GAGAAAGAGATCATCT ATATTTCTTA
polyA signal
TCCTAAA TGA ATGTCACGTG TCTTTATAAT TCTTTGATGA ATTAGATGCA TTTTATTAAC CAATTCCATA 
transcription termination 
TACATATAAAT
Figure 3.18. Partial sequence of the wound inducible potato 
proteinase inhibitor II 5' and 3 1 sequences showing the CAAT, 
TATA and polyadenylation signals. The Shiva-1 transcript is 
about 340 base long prior to polyadenylat ion. The 5' and 3' 
sequences from the proteinase inhibitor came from Keil et 
al., (1986) .
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3.3.7 Bacterial Challenge
The results of the bacterial challenge using stem 
infection are summarized in Table 3.8. These results are 
presented graphically in Figure 3.19. Pictures of 
representative plants are shown in Figure 3.20.
Table 3.8. Weekly Average Disease Severity of Control 
and Transgenic Rl Plants After Inoculation with 
Pseudomonas solenacearum.
Ro
N o . of
progeny
tested
Ave disease severity
Week 1 Week 2 Week 3
Shiva-1 # 3 12 1.9 ± 0.9 5.7 ± 1.3 5.3 ± 0.9
#30 10 1.2 ± 0.4 5.9 ± 1.9 6.1 ± 1.3
# 4 11 1.4 ± 0.7 5.3 ± 1.5 5.5 ± 1.3
Control 43 4.5 ± 0.2 7.4 ± 1.5 7.3 ± 1.7
In this test, the scoring system for disease severity 
are: 0 - healthy, 2 - localized necrosis, 4 - necrosis at 
more than 1 cm from inoculation, 6 - epinasty or curling 
of lower leaves, 8 - wilting of most leaves of the plant, 
10 - plant is dead. The control used are Rl of self­
crossed plants transformed with A. tumefaciens  
LBA4 4 04/pB1121 .
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Figure 3.19. Comparison of control and Shiva-1 transgenic 
progeny plants inoculated in the stem with Pseudomonas 
solenacearum. Shiva-1 plant (left) and control plant 
(right) two weeks after infection, different from the 
control ds values. The ds values of the progeny groups 3, 
30 and 4 are not significantly different from each other.
114
Figure 3.20. Bacterial challenge of control and Shiva-1 
transgenic progeny tobacco plants using stem inoculation 
of Pseudomonas solenacearum. The disease severity is 
measured as the average symptom of infection.
115
Statistical analysis using split-plot Analysis of 
Variance (ANOVA) at 5% level of significance show that the 
disease severity (ds) values for the progenies of 3, 30
and 4 (all Shiva-1 containing plants) are significantly 
different from each other.
Thus, the results clearly indicate that the Shiva-1 
containing transgenic progeny plants exhibit a delayed 
appearance of symptoms when infected with Pseudomonas 
solenacearum. More importantly, the infection symptoms 
exhibited by the Shiva-1 progenies are less severe than 
those exhibited by the control plants.
The mortality rate of Shiva-1 and control transgenic 
R1 plants are given below in Table 3.9. These results are 
presented graphically in Figure 3.21.
Table 3.9. Percent Mortality of Control and Shiva-1 
Transgenic R1 Plants Infected with Pseudomonas 
solenacearum.
Ro
% Mortality
Week 1 Week 2 Week 3 Week 4
# 3 0 0 0 0
# 4 0 0 0 0
# 30 0 0 0 0
Control 0 5 14 56
These results provide a more dramatic proof that the 
presence of Shiva-1 gene in the tobacco plants augments 
the plants ability to resist bacterial infection.
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Figure 3.21. Percent mortality of control and Shiva-1 
transgenic progeny plants infected in the stem with 
Pseudomonas solenacearum.
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A separate set of experiments carried out 
independently by a group in University of Georgia 
reinforces the conclusion just made. The data obtained for 
root inoculation are summarized in Figure 3.22 and 3.23. 
The results here support the conclusion obtained with 
bacterial challenge using stem inoculation.
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Figure 3.22. Percent mortality of control and Shiva-1 
transgenic progeny plants infected in the root with 
Pseudomonas solenacearum.
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Figure 3.23. Percent wilting of leaves of control and Shiva- 
1 transgenic progeny plants infected in the root with 
Pseudomonas solenacearum.
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3.3.8 Protein Analyses
The expression of Shiva-1 gene was finally analyzed 
at the protein level. This was done to determine if the 
mRNA transcript is correct and if the plant's translation 
machinery recognizes this transcript. Total protein was 
isolated from the leaves of control and Shiva-1 transgenic 
progeny plants. The results of the analyses are given in 
Figure 3.24 as a Western blot. In the blot, a distinct 
protein band which has the same size as Shiva-1 peptide 
hybridized with the antisera raised against the pure 
Shiva-1 protein. This band is absent in the total 
proteins from control plants. This suggests that the 
Shiva-1 protein is being produced by the Shiva-1 
transgenic plants and that this peptide is stable enough 
to be detected using a standard procedure.
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Figure 3.24. Western blots of total protein isolated from 
control and Shiva-1 transgenic progeny plants. The total 
protein was extracted from tobacco leaves after wound
induction. 2 0 |ig of total protein per sample were loaded 
in each gel, run in 12% SDS-PAGE and then transferred to 
Immobilon P (Millipore) . The probe used was antiserum 
raised against Shiva-1 peptide. The numbers below the 
blots refer to the individual progeny plants. The negative 
control used, C, was a progeny of a plant transformed with 
LBA4404/pBI121. As a positive control, purified Shiva-1, 
Sh, was used (lOOng/lane). The protein size markers used, 
SM, were bovine trypsin inhibitor (6.2Kd) and insulin 
(3.OKd) from B R L .
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3.4 Summary and Conclusion
The 125bp DNA fragment encoding for the novel peptide 
Shiva-1 was put under the control of the wound-inducible 
promoter and terminator sequences from the potato 
proteinase inhibitor gene II. The Shiva-1 gene was then 
cloned into a binary vector p B H 2 1  which was transformed 
into A. tumefaciens LBA4404. The Shiva-1 gene was 
integrated into a tobacco genome using Agrobacterium- 
mediated transformation.
Shiva-1 was shown to be stably integrated as a 
single-copy gene into the genome of several transgenic 
tobacco plants. The gene was stably passed on to first 
generation progeny plants as a dominant Mendelian trait. 
Shiva-1 gene was also shown to be transcribed in 
transgenic plants and the mRNA with the expected size was 
detected. This indicates that the transcription machinery 
of tobacco plants recognizes the promoter and the 
terminator sequences of the potato wound inducible 
proteinase inhibitor gene II.
A protein of the same size as Shiva-1 which was 
isolated from transgenic tobacco plants was found to 
hybridize with the antisera raised against the purified 
Shiva-1 peptide. This suggests that the Shiva-1 peptide 
is being produced by the transgenic plants, and that the 
peptide is stable enough for detection using Western blot 
procedures.
The results of the bacterial challenge indicate that 
the Shiva-1 containing plants exhibit a delayed appearance 
of symptoms when infected with Pseudomonas solenacearum.
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Furthermore, the infection symptoms exhibited by Shiva-1 
containing plants are less severe than those exhibited by 
the control plants.
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APPENDIX
A. t. - Agrobacterium tumefaciens 
ATP - deoxyadenosine 5' triphosphate 
b - base
BA - benyl adenine 
bp - base pair
CTP - deoxycytidine 5' triphosphate
2,4 D - 2,4 dichlorophenoxyacetic acid
E. coli - Escherichia coli
EDTA - ethylenediamine tetracetic acid
EPSP - enolpyruvyl shikimate-3 phosphate
GS - glutamine synthase
GTP - deoxyguanosine 5' triphosphate
GUS - (5-glucoronidase
HPLC - high pressure liquid chromatography
IPTG - isopropyl-(3-D-thiogalacto pyranoside
Kb - kilobase pair
LB - Luria Broth media
MES - 4 morpholinoethanesulfonic acid
MOPS - morpholinopropano sulfonic acid
MS - Murashige and Skoog salts
MU - methyl umbelliferone
MUG - methyl umbelliferyl P-D-glucoronide
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NAA - naphthalene acetic acid 
NaCl - Sodium chloride
PAGE - polyacrylamide gel electrophoresis
PDMS - plasma desorption mass spectrometer
PEG - polyethylene glycol
PMSF - phenylmethyl sulfonyl fluoride
PPT - phosphinothricin
32p - phosphorus isotope 32
PVX - potato virus X
PVY - potato virus Y
R1 - first generation progeny plants
Ro - plants from which first generation progeny plants 
come
SDS - sodium dodecyl sulfate
SSC - sodium chloride, sodium citrate buffer
35S - sulfur isotope 35
t-Boc - tert-butyloxy carbonyl
T-DNA - transfer DNA
TE - TrisHCl, EDTA buffer (DNA buffer)
TEMED - N N, N', N', tetramethyl ethylenediamine
TFA - trifluoroacetic acid
TMV - tobacco mosaic virus
Tris - Tris[hydroxymethyl]aminomethane
TTP - deoxythymine 5' triphosphate
WI - wound-inducible
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X-gal - 5-bromo-4-chloro-3-indolyl-|5-D-galactoside 
X-gluc - 5-bromo-4-chloro-3-indol-l glucoronide
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